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Kurzzusammenfassung

Wahrend des letzten Jahrzehnts wurde intensiv im Bereich der Photokatalyse geforscht,
denn Photokatalysatoren wie beispielsweise Titandioxid (TiO2) kénnen mit Hilfe von UV
Licht die Zersetzung organischer Schadstoffe in Abwéssern und in der Luft katalysieren.
Trotz intensiver Forschung gibt es jedoch nur vergleichsweise wenige Untersuchungen
zu den grundlegenden Reaktionsmechanismen des photokatalytischen Abbaus in der
Literatur, obwohl das Verstandnis dieser Prozesse essentiell ist, um neue

Photokatalysatoren mit héherer photokatalytischer Aktivitat zu entwickeln.

Im Rahmen dieser Arbeit wurde der Einfluss von Oz und H2O auf die Adsorption und den
Abbauprozess von Acetaldehyd auf der TiO, Oberflache im Dunkeln und unter UV-
Strahlung untersucht. Hierbei wurden die Prozesse auf der TiO2 Oberflache mit Hilfe der
in situ ATR-FTIR Spektroskopie untersucht, wéahrend die Gasphase mittels GC/PID und
MS analysiert wurde. Die erhaltenden Ergebnisse wurden miteinander korreliert, um ein
besseres Verstandnis von den Adsorptions- und den Abbauprozessen von Acetaldehyd

auf der TiO» Oberflache zu erhalten.

Es wird in dieser Arbeit gezeigt, dass im Dunkeln eine durch die TiO, Oberflache
katalysierte Aldolkondensation von zwei adsorbierten Acetaldehydmolekiilen zu
Crotonaldehyd stattfindet. Die Reaktion wird dabei stark von der Luftfeuchtigkeit
beeinflusst, denn bei Zunahme der Luftfeuchtigkeit sinken die Adsorption von
Acetaldehyd und damit ebenfalls die Bildung von Crotonaldehyd. Im Gegensatz dazu hat
die Anwesenheit von O keinen Einfluss auf die Oberflachenprozesse im Dunkeln. Es
zeigt sich jedoch, dass Oz einen groRen Effekt auf die Zersetzung von Acetaldehyd unter
UV-Strahlung hat, denn in Abwesenheit von O2 wird Acetaldehyd nur unvollsténdig
abgebaut. Neben dem Einfluss von O, wird in dieser Arbeit mit Hilfe von Ti'®0, gezeigt,
dass Sauerstoffatome aus dem TiO2 Gitter am photokatalytischen Abbau von
Acetaldehyd beteiligt sind.

Stichworter: Titandioxid, Acetaldehyd, Adsorption, Abbaumechanismus, Gitter-

sauerstoff.






Abstract

During the last decade intensive research work has been carried out in the field of
photocatalysis because upon UV illumination photocatalysts such as titanium dioxide
(TiO) are able to catalyze the degradation of organic compounds in waste water as well
as in air. However, the reaction mechanisms and the limitations of the photocatalytic
processes have been studied in the literature less frequently, although the understanding
of the fundamental processes is essential in order to design a photocatalyst with an

improved photocatalytic activity.

In this work the effect of Oz and H2O on the adsorption and the photocatalytic degradation
of gaseous acetaldehyde over TiO, has been investigated in the dark and upon UV
illumination. The surface processes have been elucidated by means of in situ ATR-FTIR
spectroscopy, while the gas phase was analysed by GC/PID and MS. The results obtained
from the surface and from the gas phase were correlated with each other in order to gain
a deeper insight into the adsorption and the degradation mechanism of acetaldehyde.

In this study it is shown, that in the dark the TiO> surface is able to catalyze an aldol
condensation of two adsorbed acetaldehyde molecules forming crotonaldehyde. These
surface processes are strongly affected by the humidity, because an increasing water
vapor content induces a decrease in the adsorption of acetaldehyde molecules resulting in
a reduction of the crotonaldehyde formation. In contrast, molecular O, does not exhibit
an influence on the surface processes in the dark. However, upon UV illumination the
degradation of acetaldehyde is strongly affected by the O concentration, because
acetaldehyde is incompletely degraded when Oz is not present. Besides the important role
of Og, isotopic studies using Ti'®0, show that lattice oxygen atoms from the TiO, surface
are involved in the photocatalytic degradation process of acetaldehyde in the absence of
0.

Keywords: titanium dioxide, acetaldehyde, adsorption, degradation mechanism, lattice

oxygen.
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1 Introduction and objectives

Nowadays, the demand for clean and fresh air and water is a public health issue, because
the rising energy consumption has led to an increase of toxic agents in water as well as in
air. In this regard, one major indoor air pollutant is acetaldehyde released by building
materials such as polyurethane foams, and consumer products such as cigarettes,
adhesives, coatings and inks.! In Europe and in the USA occupational exposure levels are
set for acetaldehyde, because it is a potential human carcinogen.?® In order to decrease
the concentration of this air pollutant, photocatalysis might be a sustainable and
environmentally friendly solution because upon UV(A) illumination titanium dioxide
(TiO») is able to catalyze the decomposition of organic compounds yielding CO, H.O
and traces of mineral acids as reaction products.* Despite intensive research work in the
field of photocatalysis during the past years the photocatalytic activity is still not
sufficient for a widespread application. For the design of a photocatalyst with an
improved photocatalytic activity, the reaction mechanisms and the involved limitations

need to be understood.

Hence, in this work, the adsorption and the photocatalytic degradation of acetaldehyde
on the TiO> surface are investigated in the dark and upon UV illumination. The processes
occurring on the TiO> surface are monitored by means of in situ ATR-FTIR (Attenuated
Total Reflection - Fourier Transform Infrared) spectroscopy, while GC/PID (gas
chromatography/photoionization detector) and MS (mass spectrometry) allow the

detection of gas phase products.

In situ ATR-FTIR spectroscopy is an established technique that provides a deeper
understanding of the interfacial processes occurring at the semiconductor/liquid and
semiconductor/gas interface. This technique allows to monitor the adsorption of
molecules on a solid surface as well as the detection of intermediates and products formed

during the photocatalytic process.>®

Employing FTIR spectroscopy, it has been shown that under dry conditions in the dark,
a surface catalyzed aldol condensation of two acetaldehyde molecules forming
crotonaldehyde takes place on the TiO2 surface.”® Batault et al.® showed that under dry
conditions in the dark acetaldehyde is mostly irreversibly adsorbed on the TiO> surface,
while at 50 % relative humidity (RH) acetaldehyde adsorption only occurs as a reversible



1 Introduction and objectives

physical adsorption. The effect of water vapor on the formation of crotonaldehyde has

not been discussed in literature.

Only a few studies have been published concerning the degradation mechanism of
acetaldehyde on the TiO2 surface upon UV illumination. Muggli et al.1° and Ohko et al.**
investigated the degradation of acetaldehyde over TiO: in the presence of molecular O>
and upon weak UV illumination. According to their proposed reaction mechanism (see
Figure 1.1) acetaldehyde is firstly oxidized into acetic acid, which is followed by a
decarboxylation yielding CO, and formaldehyde. Formaldehyde is then oxidized into

formic acid and eventually to CO..

CO, CO,
CH,CHO > CH;COOH DA CH,O —» HCOOH

Figure 1.1: Proposed reaction mechanism for the degradation of acetaldehyde over TiO, in the presence of

0, and upon weak UV illumination. Reprinted from Ref.*?

The degradation mechanism of gaseous acetaldehyde over TiO: in the absence of
molecularly O2 has not been reported in literature. In photocatalysis Oz plays an important
role, because it acts as an electron scavenger preventing charge carrier recombination and

it is also involved in the oxidation reactions of organic compounds.*?

For a better understanding of the photocatalytic conversion of acetaldehyde on the TiO>
surface, in this work the effect of water vapor and molecular O, on the adsorption of
acetaldehyde and the formation of crotonaldehyde on the TiO: is investigated in the dark.
Furthermore, acetaldehyde is photocatalytically degraded over TiO: in the presence and
absence of O in order to elucidate how molecular O, affects the degradation mechanism

of acetaldehyde.

Besides the important role of O> and water in photocatalytic oxidation reactions, the
involvement of lattice oxygen atoms from the TiO2 surface should also be taken into
account in understanding photocatalysis.** In the literature the role of lattice oxygen
atoms from the TiO, surface during photocatalytic oxidation reactions has not been
clarified yet. Montoya et al.® evidenced an incorporation of lattice oxygen atoms into
CO: during the photocatalytic degradation of benzene over isotopically labelled Ti'®O;
under anaerobic conditions. In contrast, other studies reported no participation of lattice

oxygen atoms in photocatalytic reactions.¢t
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In order to clarify whether lattice oxygen atoms from the TiO2 surface are involved in
photocatalytic gas phase reactions, isotopic studies using Ti'8O; are performed. Herein,
acetaldehyde is degraded over Ti*®O, and the isotopologues Ti*®0, upon UV illumination
in the absence of O; and the evolved gaseous products C*®0, and C*80*®0 are detected
by MS. The incorporation of lattice oxygen atoms into CO: is elucidated by a comparison
between the C!80°0/C!°0; ratio of Ti'®0, and Ti®0..
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2 Theoretical background

This chapter will first present the basic principles and mechanisms of photocatalysis on
the TiOz surface. The surface structure and the adsorption properties of the TiO, surface
are described in detail, because photocatalytic reactions take place on the surface.
Furthermore, the adsorption and the photocatalytic degradation of the air pollutant
acetaldehyde on the TiO2 surface are described in the dark and upon UV illumination. At
the end, the involvement of lattice oxygen atoms from the TiO2 surface in photocatalytic

reactions is described.

2.1 Titanium dioxide

TiO> exists in three different crystalline modifications: anatase, rutile, and brookite.
Brookite and anatase are metastable and can be converted into the thermodynamically
most stable phase rutile by increasing the pressure and/or the temperature. As illustrated
in Figure 2.1 the three polymorphs consist of TiOe¢ octahedra. Anatase and rutile
crystallize in a tetragonal unit cell, while brookite exhibits an orthorhombic cell structure.

The different unit cell structures result in varying physicochemical properties.

& L'AJ
‘%@ & W%V A ‘3«!
4;43 % % s

Anatase Rutile Brookite

Figure 2.1: Crystallographic structures of anatase (tetragonal), rutile (tetragonal), and brookite

(orthorhombic). Reprinted with permission from Ref.1®

TiOz is a semiconductor having a conduction band (CB) and a valance band (VB) which
are separated by the bandgap energy (Esc). Herein, the occupied VB consists mainly of
2p orbitals from O, while the VB mostly contains of 3d orbitals from Ti'V. The Egg of
the different TiO2 polymorphs vary from each other due to their different unit cell
structures. The Egg of anatase is 3.2 eV, of rutile 3.0 eV?° and of brookite between
3.0eVand 3.4 eV,

Photocatalysis utilizes the property of semiconductors to absorb photon energy due to

their Egc. In this regard, the semiconductor catalyzes oxidation and reduction reactions
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upon light illumination with energy higher or equal to the Egg. TiO2 is the most widely
used photocatalyst for air and water purification, because of its stability over a wide pH
range, its abundance, and its nontoxicity.?> When TiO2 is exposed to UV illumination
(A <390 nm) an electron is excited from the valence band to the conduction band leaving

an electron vacancy also referred to as a hole in the VB.
TiO, + hv(E = Egg) »e” + h' Q)

About 90 % or more of the photogenerated charge carriers recombine within 10 ns,

emitting thermal or photon energy.?® The remaining electrons and holes migrate from the

bulk to the photocatalyst surface, where electrons are trapped at Ti'" centers and holes at

Os™.
TilV + e~ - Tilll (2)
02" +h* - 04" 3

The trapped charge carriers either recombine or react with species adsorbed on the TiO;

surface (see Figure 2.2).

Organic compound (OC)

H,0 + CO,

TiO,

recombination

Charge

Organic compound (OC)

Figure 2.2: Schematic illustration of the photocatalytic degradation process on the TiO; surface.

The high redox potential of 2.7 V (vs. NHE) of the holes in TiO. allows the oxidation
most of the organic compounds yielding CO, and H,0 as reaction products.?* Besides the
direct oxidation the organic compounds can also be oxidized by hydroxyl radicals, which

are formed by oxidation of water molecules through holes.
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h+
H,0 - OH" + H* “)

The electrons have a potential of -0.5 V (vs. NHE), being less reactive compared to the
holes.?* They most likely reduce molecular O, to form a superoxide radical anion (-0.33 V
vs. NHE).% These species can further be protonated forming firstly HO," radicals and

afterwards hydrogen peroxide.

e ,_HT JHY e %)
02 = 02 — HOZ — HzOz
Hydrogen peroxide can be further reduced by electrons forming hydroxyl radicals, which

can finally oxidize organic compounds present on the TiO> surface.
H,0, + e~ - OH* + OH~ (6)

The role and the importance of each of these reaction steps for the photocatalytic
degradation of organic compounds has not been completely understood yet. OH" radicals
are recognized as primary species in the photooxidation of organic compounds.
Furthermore, molecular O, can also be involved in photocatalytic oxidation reactions
resulting in the formation of various intermediates, which are finally decomposed into
CO2 and H,0 in a sequence of reaction steps.?® Hence, the photocatalytic degradation of

organic compounds is a highly complex process.

2.2 Surface structure of TiO2

Photocatalytic degradation reactions occur on the TiO> surface. Therefore, it is of utmost
importance to understand the surface structure of TiO2. Two kinds of oxygen species exist
on the TiO> surface: terminal oxygen atoms, that are one fold coordinated to Ti and
bridging oxygen atoms, which are two-fold coordinated to Ti (see Figure 2.3).1%2728 The
terminal oxygen atoms are removed from the surface by heating up to 623 K, while the
bridging oxygen atoms remain stable up to 773 K.?82° When water molecules are
adsorbed on the TiO; surface, an oxygen exchange can occur between the terminal OH
from TiO2 and adsorbed water. In contrast, the bridging oxygen atoms are not affected by
the presence of adsorbed water.°
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H H
| |
o o |
\ -Il-l / Obr\ | / br

Figure 2.3: Schematic illustration of the two oxygen species located on the TiO; surface.

Water is one of the most important adsorbates on the TiO surface. At ambient conditions
water vapor interacts with the TiO, surface and affects the adsorption and reaction
properties of TiO.. Nosaka et al.*! studied the water adsorption on the TiO> surface by
'H-NMR. The spectra showed the presence of three water layer species on the TiO;
surface, when the sample was exposed to air (see Figure 2.4). The mobility of the water
molecules within these layers increases in the order of 11 <11 <. Water layer | is weakly
adsorbed and is located at the outermost layer of the TiO surface, while water layer 11
shows less mobility and is located in the inner layer. Water layer 111 is very rigid with
restricted mobility and is located near the solid surface. It also includes chemically bound

OH groups.

Figure 2.4: Proposed structure of water layers on the TiO; surface in the dark. Reprinted with permission

from Ref.3!

2.3 Acetaldehyde in the dark
One example of an organic compound that can be degraded in the presence of TiO: is the
air pollutant acetaldehyde. Acetaldehyde is proposed to be molecularly adsorbed on the

TiO2 surface in two forms as illustrated in Figure 2.5. Either hydrogen bridge bonds are
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formed between the carbonyl group of acetaldehyde and the surface hydroxyl groups from
the TiO. surface or acetaldehyde is adsorbed in a more stable way through its oxygen

lone pair with Ti'"V sites of TiO2.%

H\H/CH3 o
I :

= . CH
\O/TI \O/TI \O/TI \(l)/TI \O/

+

Figure 2.5: Acetaldehyde adsorption on the TiO; surface in the dark.

When two acetaldehyde molecules are adsorbed on the TiO; surface, they react via an
aldol condensation forming crotonaldehyde, which is catalyzed by the TiO, surface (see
Figure 2.6). The reaction proceeds with ketones and aldehydes having a hydrogen atom
on the a-carbon. Thus, formaldehyde is not suitable for this reaction, while for example
acetone molecules form mesityl oxide on the TiO; surface.®® The aldol condensation of
acetaldehyde does not only take place on TiO> surfaces, but also on other metal oxides
such as Ce028, ZrO,, MgO,% and Al,Os®. In the absence of a metal oxide, the reaction
usually proceeds in acidic or basic media. Idriss et al.” and Singh et al.*® investigated the
aldol condensation of acetaldehyde molecules on the TiO. surface. These authors
proposed that a lattice oxygen atom from the TiO» surface acts as a base abstracting one
proton from an a-carbon of an adsorbed acetaldehyde molecule forming a surface
hydroxyl OH species and a ‘CH>CHO (step 1 and 2). Subsequently, the nucleophilic
carbon species "CH>CHO attacks the electrophilic carbonyl group of a second adsorbed
acetaldehyde molecule, which in turn abstracts the proton from the hydroxyl group,
yielding 3-hydroxybutanal (step 3). Upon dehydration crotonaldehyde is finally generated
(step 4), which is adsorbed on the TiO, surface at Ti'V sites. The formation of
crotonaldehyde is facilitated on oxidized surfaces, because a higher number of surface
oxide anions is available to initiate the reaction by abstracting a proton from
acetaldehyde.” On TiO2-supported Pt, Rh, and Au catalysts the formation of
crotonaldehyde has also been observed. Herein, crotonaldehyde is adsorbed in two
different ways, it either interacts through its oxygen lone pair with Ti'V sites of TiO; or it

is adsorbed on metallic sites through its carbon atom from the aldehyde group.®’
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H
CH3 6+ CH3 C2 6+ CH3 CH2 8+ CH3
1 W ol \ (
N 1 \ 2 3
O Q - a O |\ CI) —c > Q Q — 0
T T Wl A
~ IO/ < - |\(‘)/T|\ Ao S
¥
H CH
/Q( 3 __ CHg
0 — 7
\ H Q H,0

/Ti\O/Ti\

Figure 2.6: Proposed reaction mechanism for the aldol condensation of two acetaldehyde molecules,
forming crotonaldehyde and water on the TiO; surface in the dark.

In many applications the formation of species with higher masses as the educt is
undesired. In this sense the evolution of crotonaldehyde can also be suppressed by a SO4>
modification of the TiO. surface. Herein, the initial step of proton abstraction from
acetaldehyde is inhibited due to an interaction between the H-atom of the a-carbon of

acetaldehyde and an oxygen from the sulfate group (see Figure 2.7).%8

H,C H--__
3 "70.0
o) (I)/,—\\CI)
/Ti\O/Ti\O/Ti Ti\

Figure 2.7: Schematic illustration of an acetaldehyde molecule adsorbed on the SO4-TiO, surface.

2.4 Acetaldehyde upon UV illumination

Upon UV illumination acetaldehyde is degraded over TiO2. A few studies have been
published on the degradation mechanism of gaseous acetaldehyde.lt*40 Since
acetaldehyde is also an intermediate of the photooxidation of ethanol these results are also
included here.1%4%-43 The oxidation of aldehydes in the presence of molecular O proceeds
via radical chain reactions on the TiO. surface (see Figure 2.8 to Figure 2.11). The initial
step involves an abstraction of a hydrogen atom from the a-carbon of acetaldehyde by an
OH' forming a CH3C"O radical (step 1). Subsequently, O attacks the radical producing
an unstable peroxy radical (step 2), which further reacts with two acetaldehyde molecules

forming two acetic acid molecules (step 3 and 4).

10
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1 2
. o)
O +OH J +0, j\ .
.2 0
Hi«C~ "H  -H,0 HaC HsC™ O
3 4
+CH3CHO j\ +CH3CHO j\
OH ——
; - H,C~ “OH
-CH,CO HsC™ O 2"

Figure 2.8: Proposed photocatalytic degradation mechanism of acetaldehyde forming acetate over TiOz in

the presence of O..

The methyl radical CHs" is generated via two reaction pathways shown in Figure 2.9.
Either an OH" abstracts one hydrogen atom from acetic acid forming an acetate radical,
which decomposes into CO, and CHs" via a photo-Kolbe reaction pathway or a
dimerization of two peroxy radicals produced in step 2 of Figure 2.8 occurs decomposing
then into CO,, O, and CHg3". Ohko et al.!! proposed that under weak UV illumination the
methyl radical is generated via the second pathway, while with increasing UV intensity

the first pathway becomes the predominant one.

O +OH 0]
o A e o

HsC” “OH - H,0 H,c” NO. -CO;

'CH3

o)
P H,e_o. o. J

2H,C” Yo C T Y 00" CHs o, 2co,

Figure 2.9: Proposed reaction mechanisms for the formation of the methyl radical during acetaldehyde

degradation over TiO, in the presence of O.

As illustrated in Figure 2.10 for the formation of formaldehyde the methyl radical is
attacked by O, forming a methyl peroxy radical, which subsequently reacts with the
peroxy radical generated in step 2 of Figure 2.8. In the following step formaldehyde,

acetic acid and Oy are evolved.

11
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O
+0Oy )J\ o)

0. +Hic” o
HaC™ 0.

'CH3

e) O

)J\H H3C)J\OH

O
H3C (@) O)J\CH3 - 02 H

Figure 2.10: Formation of formaldehyde and acetic acid during the photooxidation of acetaldehyde over

TiOz in the presence of Oa.

In the final step OH" abstracts again one hydrogen atom from formaldehyde forming
HCO’, which subsequently reacts with another OH" generating formic acid that is
oxidized yielding CO- (see Figure 2.11).444¢

o +OH O  +OH o +2h*
. ——> CO,
H T H -HO H H™ "oH -2H

Figure 2.11: Formation of formic acid and CO; during the photooxidation of acetaldehyde over TiO; in the

presence of O,.

2.5 Role of lattice oxygen atoms in photocatalytic reactions

In addition to the involvement of OH" and O in oxidation reactions, lattice oxygen atoms
from the TiO> surface can also participate in photocatalytic reactions. One example is the
photoinduced oxygen isotopic exchange (POIE) occurring between O2 and bridging
oxygen atoms from the TiO lattice upon UV illumination.*” A proposed reaction
mechanism involving Ti'®0O, and *20; is shown in Figure 2.12.*8 Upon UV illumination
the photogenerated holes are trapped as °On, while the electrons are trapped at
neighboring Ti'""' sites inducing a Ti-O bond breakage. The electron at the Ti'' is
transferred to the 80, and simultaneously an 80.-Ti'V bond is formed, which induces a
weakening of the 0-120 bond. By a further electron transfer to the superoxide anion, the
180-180 bond breaks resulting in the formation of 20, Ti"V and (*30-0),. The final
step involves the trapping of a further hole at (**0-1%0)p,"™ inducing an abstraction of the

180180 into the gas phase. The remaining oxygen vacancy V, is filled with the 80%.

12
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Figure 2.12: Proposed mechanism for the photoinduced oxygen isotopic exchange between 80, and Ti‘®O,
upon UV illumination and in the absence of H,O. Large white circle: bridging oxygen ion; large grey circle:

bridging oxygen radical; small white circle: Ti' ion, small grey circle: Ti"" ion. Adapted from Ref %,

Besides the POIE between lattice oxygen atoms and molecular O, bridging oxygen atoms
can also be involved in oxidation reactions. By ATR-FTIR spectroscopy it has been
shown that the oxidation of cyclohexane proceeds via the Mars-van Krevelen
mechanism.*® This mechanism describes an oxidation reaction occurring on transition
metal oxide surfaces.>® Herein, the gaseous molecule Ay is firstly adsorbed as Aags on the
transition metal oxide surface, where it reacts with a lattice oxygen atom (Ojattice) from
the surface forming AQags. The product AQq is then desorbed from the surface leaving an

oxygen vacancy, which is replenished by an oxygen atom supplied from adsorbed O-.

Ag 2 Aads (7
Aads + Ouattice 2 AQads (8)
AOads > AOg + Vo ©)
2 Vo + 02 2 2 Olattice (10)
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2 Theoretical background

A schematic illustration of the oxidation mechanism of cyclohexane over TiO> is shown
in Figure 2.13. Upon UV illumination the adsorbed cyclohexane is oxidized into
cyclohexanone by an incorporation of a lattice oxygen atom 80 from the TiO2 surface.

The remaining oxygen vacancy is replenished by an oxygen atom supplied from 80s,.

lBo‘2 O - H2|60 160

! Mars-van Krevelen ! :
"“OH  *OH mechanism *OH *OH

Tio hv TiO

2

2

Figure 2.13: Proposed reaction mechanism for the photooxidation of cyclohexane into cyclohexanone

proceeding via the Mars-van Krevelen mechanism. Reprinted with permission from Ref.

14



3 Materials and experimental methods

3 Materials and experimental methods

3.1 Materials

Hombikat UV-100 containing 100 % anatase was provided by Sachtleben Chemie GmbH.
Acetaldehyde gas containing 251 ppm in N2 and carbon dioxide containing 1 % CO in
argon were supplied from Linde Gas AG. Ti!80, synthesized according to the reported

procedure, was kindly provided by Juan Montoya.®

3.2 Experimental methods

3.2.1 Specific surface area measurements

The specific surface area of solid materials can be determined using the Brunauer-Emmet-
Teller (BET) theory.®! For this purpose, a gas mixture of 30 % N and 70 % He is directed
over the sample at 77 K. When the gas is adsorbed on the surface a change in the gas
pressure occurs, which can be measured. After adsorption the temperature is increased
again inducing a desorption of the gas molecules from the surface and thus a change in
the gas pressure that can be determined again. From the resulting adsorption and
desorption isotherms the specific surface area is calculated. In this study, the specific
surface area measurements were carried out employing a FlowSorb 11 2300 instrument
(Micromeritics, USA).

3.2.2 Raman spectroscopy

For the (ambient temperature and depolarized) Raman measurements a confocal Bruker
Senterra micro-Raman spectrometer equipped with an Olympus BX 51 microscope was
used. A 532 nm laser with a power of 2 mW was employed as excitation source. The

instrument precision was within + 3 cm™.

3.2.3 X-ray diffraction

The TiO2 samples were characterized by X-ray diffraction (XRD) using Cu Ka radiation
(A=0.154178 nm) with a Bruker D8 Advanced Diffractometer. The patterns were
recorded in the 20 range between 5° and 110° in steps of 0.011° and with a step time of

0.7 s. The crystalline mean size is determined by the Scherrer equation:

_ KxA (12)
e B X cos(0)
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T is the mean size of the crystalline domains, K is a dimensionless shape factor of 0.9, A
Is the X-ray wavelength, f is the line broadening at half of the maximum intensity and ©

is the Bragg angle.

The amount of the crystalline components in a powder can be calculated by the Rietveld
refinement. The Rietveld refinement was carried out using the Bruker DIFFRACplus
TOPAS V4.2 software (Bruker AXS Inc., Madison, Wisconsin, USA). The space groups
14 _1/amd and P4_2/mnm were assumed for anatase and rutile, respectively, as starting
points for the refinement. The scale factors, lattice parameters, positional parameters, and
the phase abundance were optimized during the refinements. The instrumental parameters

were determined with a LaB6 sample (Sigma Aldrich).

3.2.4 Field-emission scanning electron microscopy
The field-emission scanning electron microscopy (FE-SEM) measurements were carried
out on a JEOL JSM-6700F with an acceleration voltage of 2 kV. The SEM images were

provided by a secondary electron detector and a magnification of 50000 times.

3.2.5 Attenuated total reflection Fourier-transform infrared spectroscopy

In situ attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy is
an established technique providing information about the interfacial processes occurring
on the TiOz surface. The adsorption of molecules, either from the gas or the liquid phase
on the TiOz surface can be investigated, as well as the intermediates and products formed
during the photocatalytic degradation process. Therefore, ATR-FTIR spectroscopy is an
ideal method to gain a deeper understanding of the photocatalytic processes on the TiO>

surface.

ATR-FTIR spectroscopy is based on a combination of an internal reflection element
(IRE) with a FTIR spectrometer. In IR spectroscopy molecules with an electric dipole
moment are excited from the ground vibrational state to a higher level of energy by
absorption of IR light. In this context, the absorption energy is characteristic for specific
molecular groups and provides information about the molecular structure and molecular
interactions. The IRE is a material with a relatively high refractive index, thus when IR
radiation enters the medium a total reflection occurs according to the Snell’s law. In the
1960s Harrick® and Fahrenfort>® coupled, independently from each other, an IRE with
an IR spectrometer. For this purpose, the sample was deposited on the IRE in order to

achieve a direct contact between the sample and the IRE. The IRE or ATR crystal usually
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has a higher refractive index (n1) compared to the sample (n2). Thus, when an IR beam is
directed onto the edge of an ATR crystal, the IR light is totally reflected several times
through the crystal until it enters the detector, where an IR spectrum is recorded (see
Figure 3.1). An important parameter of the total reflection is the incidence angle 6, which
is dependent on the refractive indices of the IRE (n1) and the sample (n2) shown in the

equation below:

0 =sin™t (E—j) (12)

Z
E sample n,
EO
10 n]
N,
ATR crystal
Incident radiation Reflected
(wavelength ) radiation

Figure 3.1: Schematic illustration of the ATR-FTIR unit.

The internal reflectance creates an evanescent field, which decays exponentially in the

less dense medium according to equation 13:

2Tn, (13)

) nzzl
E =Epexp|— 3 ((sin 9—(n—1) )2 Z

E is the amplitude in the sample at the depth Z, Eo is the amplitude at the sample surface,
where Z is 0 and A is the wavelength of the IR beam. The distance where the amplitude
decays to a value of exp™ of its value at the sample surface is defined as the penetration
depth (dp).

n;

(sin%0 — (n (14)

d, =

2\—1/2
mn, 1) )

When the evanescent wave enters the sample distinct energy is extracted, which can be
detected. The penetration depth can vary from 0.5 to 5 um and is dependent on the

wavelength of the IR beam (see equation 14). At higher wavelengths the depth of
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penetration is enhanced, therefore the signal of the ATR spectrum is also increased

compared to lower wavelengths.

In the present study, a zinc selenide (ZnSe, Pike Technologies) crystal with a surface of
6.8 x 72 mm and a refractive index of 2.4 was used for the analyses in the mid IR region,
that is in the wavenumber range between 800 and 4000 cm™. The IR beam has an

incidence angle of 45° and is 9 times totally reflected at the upper face of the ZnSe crystal.

The FTIR spectrometer employed was a Bruker IFS 66 equipped with a deuterated
triglycine sulfate (DTGS) detector. The interferometer and the infrared light path in the
spectrometer were constantly purged with argon, in order to avoid CO2 and H.O
contamination. Each spectrum was an average of 300 scans with a resolution of 4 cm™.
Before each experiment, a sequence of blank spectra of the TiO> film for 2 h in the dark
and for 6 h upon UV illumination in the absence of acetaldehyde were recorded. After the
blank spectra, acetaldehyde was directed over the same film and spectra were recorded in
the dark (2 h) and upon UV illumination (6 h). The final spectra were obtained by
subtracting the blanks from the ones in the presence of acetaldehyde. For experiments
under humidity (58 %), O2 was directed through a washing flask to generate a humidified
gas flow. A LED lamp (LED Flachenstrahler) was used as UV illumination source, which
was supplied by OMICRON with a maximum emission wavelength of 365 nm and an
intensity of 1 mW cm™. The gas flow was set to 100 mL min’* with an acetaldehyde
concentration of 63 ppm (SIERRA®). A closed compartment made of Plexi-Glass®
(PMMA, Polymethylmethacrylate) was built and attached to the upper part of the ZnSe

crystal in order to generate a continuous gas flow (see Figure 3.2).
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Figure 3.2: Experimental set up for the ATR-FTIR measurement. Reprinted from Ref.*2

3.2.6 Gas chromatography / photoionization detector

The acetaldehyde concentration in the gas phase was constantly detected by gas
chromatography coupled with a photoionization detector (GC/PID). The experimental set
up to monitor the concentration of acetaldehyde as a function of time is shown in Figure
3.3. After directing 1 ppm of acetaldehyde in N2/O> atmosphere over the TiO: film, the
concentration of acetaldehyde at the reactor outlet was determined every 5 min by a
GC/PID (SYNTECH Spectras GC 955). The total gas flow was set to 1 L min by mass
flow controllers (Brooks instruments). A humidified gas flow of 50 % was generated by
directing O2 gas through a washing flask and afterwards passing it over the sample. The
reactor was made of PMMA with a transparent borosilicate glass plate attached on the
upper part. The concentration of acetaldehyde was monitored for 2.5 h in the dark and for
6 h upon UV illumination. The light source used was a Philips CLEO compact fluorescent

tube with an emission wavelength of Amax = 365 nm and an intensity of 1 mwW cm.,
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Figure 3.3: Experimental set up to monitor the concentration of acetaldehyde as a function of the time

during acetaldehyde treatment over TiO,. Reprinted from Ref.*2

3.2.7 Mass spectrometry

Besides the detection of acetaldehyde in the gas phase by GC/PID, mass spectrometry
(MS) was used to detect gaseous products formed in the dark and upon UV illumination.
The employed experimental set up is shown in Figure 3.4. The prepared TiO> film in the
PMMA holder was placed in a reactor made of PMMA with a transparent borosilicate
glass plate attached on the upper part. A gas flow of 75 mL min™ (SIERRA®) with a
concentration of 50 ppm of acetaldehyde in N2 was directed over the TiO film and the
gas at the reactor outlet was constantly analysed by a quadrupole mass spectrometer
(Hiden HPR-20). For the measurements an UV-100 film was treated with acetaldehyde
for 2 h in the dark and for 6 h upon UV illumination. A LED lamp (LED Flachenstrahler)
was used as UV illumination source, which was supplied by OMICRON having a
maximum emission wavelength of 365 nm and an intensity of 1 mW cm. For the isotopic
studies the Ti'®0O, and Ti'®0, films were treated with 50 ppm of acetaldehyde for 1.5 hin
the dark and for 3 h upon UV illumination. The gas flow was set to 10 mL min*
(SIERRA®). The light source used was a Philips CLEO compact fluorescent tube with an

emission wavelength of Amax = 365 nm and an intensity of 1 mW cm.
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Figure 3.4: Experimental set up to detect the evolution of gaseous products during acetaldehyde degradation

over TiOz upon UV illumination. Reprinted from Ref.*2

3.2.8 TiOz2 film preparation

For the ATR-FTIR measurements 5.75 g L™ of a TiO2 suspension was prepared in
deionized water and was dispersed for 15 min in an ultrasonic bath. Afterwards an aliquot
of 400 pl was placed on the ZnSe crystal, which was gently balanced, in order to distribute
the aliquot equally. After evaporation of the water, a homogenous film was obtained,
which had a coverage of 2.3 g m and a film thickness of 1.7 + 0.3 um according to Hug

and Sulzberger.>*

For the gas analyses using GC/PID the TiO2 powder was pressed into a PMMA holder
with an average size of 4.3 x 4.3 cm. The resulting pellet had a surface size of 18.49 cm?
and was pre-illuminated by UV light (365 nm, 1 mW c¢m, Philips CLEO 100W-R) for
at least 24 h, in order to eliminate organic residues from the surface.

For the MS analysis 5.75 g L™ of a TiO suspension was prepared in deionized water and
was dispersed for 15 min in an ultrasonic bath. Afterwards 4 ml were placed on a PMMA
holder with a size of 4.3 x 9.2 cm. The holder was gently balanced, in order to distribute

the aliquot equally. After evaporation of the water, a homogenous film was obtained.
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4 Results

4.1 Characterization of the TiO2 powders

4.1.1 Raman spectroscopy

The UV-100 (Ti'®0,;) powder and the synthesized isotope-labeled TiO, were
characterized by Raman spectroscopy. The corresponding spectra and mode assignment
are illustrated in Figure 4.1 and in Table 4.1. Ti‘®O, exhibits peaks at 144, 197, 397, 516,
and 640 cm™, which can be assigned to the Raman vibration modes of Eg (1), Eg (2), B1g
(1), B1g (2) + A1g, and Eg (3), respectively. In contrast, the peaks Eg (2), B1g (2) + A1g, and
Eq (3) of the labeled Ti'®0; are red-shifted by 11, 27 and 36 cm™, respectively, indicating
an 180 purity in Ti'®0, of 97 %. >

Raman Intensity

T U T U T U T U T U T U T E
100 200 300 400 500 600 700 800
Raman Shift / cm™

Figure 4.1: Raman spectra of Ti'60, (UV-100) and Ti‘®O,. Reprinted with permission from Ref.5

Table 4.1: Raman vibrations and the corresponding mode assignments of Ti‘60, and Ti€O,.

UV-100/ Tit0, Ti*0,
Eq (1) 144 cm™ 144 cm™
Eq (2) 197 cm? 186 cm
Big (1) 397 cm'? 396 cm™?
Big (2) + Axg 516 cm™ 489 cm'
Eq (3) 640 cm 604 cm™
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4.1.2 X-ray diffraction

The XRD patterns of Ti'®0O, and Tit®0; are illustrated in Figure 4.2. Both samples exhibit
peaks at 25, 38, 48, 54, and 63° corresponding to the (101), (004), (200), (211), and (213)
planes of tetragonal anatase. Furthermore, the isotope-labeled Ti*®O, shows additional
peaks at 28 and 36° which are referred to the (110) and (101) planes of tetragonal rutile.
According to the calculations of the Rietveld refinement the Ti!80, consists of 89.9 %
anatase and 10.1 % rutile. The anatase particle size is 7.05 nm for UV-100 and 17.77 nm

for Ti'®0, according to the Scherrer equation.

The BET surface area of UV-100 is 280 m? g* and of Ti*®0, is 32 m? g1.1®

101

Intensity / a.u.

Figure 4.2: XRD patterns of Ti'60, and Ti*®0O,. Reprinted with permission from Ref.>’

4.1.3 Scanning electron microscopy

Figure 4.3 illustrates the SEM images of UV-100 and Ti*®0,. Both samples contain of
particles with spherical shape that form agglomerates. The particle size of UV-100
(7.05 nm) and Ti*®0; (17.77 nm) calculated by the Scherrer equation corresponds well

with the SEM images.

24



4 Results

Figure 4.3: SEM images of UV-100 (left) and Ti®O; (right).

4.2 Acetaldehyde adsorption and crotonaldehyde formation on the TiO:2 surface
in the dark

As shown in Figure 4.4, when an UV-100 film is treated with 1100 ppb of acetaldehyde

in the presence of O under dry conditions in the dark, the concentration of acetaldehyde

detected at the reactor outlet decreases from 1100 ppb to 700 ppb and remains then

constantly low. Interestingly, the concentration does not increase to the initial value again

even after 12 h of acetaldehyde treatment (see Figure 4.5).
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Figure 4.4: Time evolution of the acetaldehyde concentration detected at the reactor outlet in the presence
of Oz under dry conditions in the dark. During the first 60 min the acetaldehyde concentration is kept
constant at 1100 ppb in the bypass mode. Afterwards the gas mixture is directed over an UV-100 for 2.5 h

using the reactor mode, before it is turned back to the bypass mode again. Reprinted from Ref.*?
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Figure 4.5: Time evolution of the acetaldehyde concentration in O, atmosphere detected at the reactor outlet
under dry conditions in the dark. During the first 50 min the acetaldehyde concentration is kept constant at
1000 ppb in the bypass mode. Afterwards the gas mixture is directed over an UV-100 for 12 h using the

reactor mode, before it is turned back to the bypass mode again. Reprinted from Ref.*?

ATR-FTIR analyses of an UV-100 film treated with gaseous acetaldehyde were
performed, in order to identify the reason for the constantly decreased acetaldehyde
concentration in the dark. For this purpose, in situ ATR-FTIR spectra of an UV-100 film
were recorded during acetaldehyde treatment under dry conditions in Oz atmosphere for
2 h in the dark. Figure 4.6 illustrates the ATR-FTIR spectra in the wavenumber range
between 1000 cm™ and 1800 cm™ after 10, 20, 30, 60 and 120 min of acetaldehyde
treatment. Different bands appear already after 10 min of dosing, which increase in
intensity over time. In Table 4.2 the bands are assigned to specific vibrational frequencies

of acetaldehyde and crotonaldehyde.

26



4 Results

0.06 -
—— 10 min 1128

1—— 20 min ]
0.054—— 30 min

1 ?gom'n, 1100
0.04 - min !

1650 | 1072

0.03 = I

Absorbance

0.02 +

0.01 +

0.00 oo

— T T T T
1800 1700 1600 1500 1400 1300 1200 1100 1000
Wavenumber / cm™

Figure 4.6: ATR-FTIR spectra of an UV-100 film during acetaldehyde treatment in the presence of O, and

under dry conditions in the dark. Reprinted from Ref.'?

These band assignments are in accordance to the literature, where also an adsorption of
acetaldehyde on the TiO; surface has been observed.®3%°8 Herein, it has been reported
that the oxygen lone pair of the carbonyl group (C=0) of acetaldehyde interacts with Ti'V
sites. The corresponding vibrational position is located at v(C=0) 1699 cm™,
Additionally, further bands characteristic for molecular vibrations of acetaldehyde are
detected on the TiO; surface such as the p(CHs) at 1072 cm™, the v(C-C) at 1128 cm™,
the §(CH3) at 1346 cm™, and the §(CH) at 1374 cm'™,

In addition to acetaldehyde, bands are assigned to vibrational frequencies of
crotonaldehyde, which appear at 1100 cm™ (p(CHs)), 1166 cm™ (v(C-C)), 1437 cm™
(8(CHz)), 1626 cm™ (v(C=C)) and at 1650 cm™ (v(C=0)). The intensity of these bands
(v(C-C), p(CH3) and v(C=0)) shows a higher increase during the second hour of treatment
compared to the first hour, because for the formation of crotonaldehyde two acetaldehyde
molecules need to be adsorbed on the TiO> surface until they are able to react via an aldol
condensation.® Thus, a certain time is required until a sufficiently high amount of
acetaldehyde molecules are adsorbed on the TiO. surface. Considering the decreased
concentration of 700 ppb of acetaldehyde detected at the reactor outlet, it is proposed here
that the evolved crotonaldehyde is desorbed from the TiO surface, because it is replaced
by acetaldehyde molecules that again react to crotonaldehyde. For proving this

assumption the gas phase was analysed by MS.
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Table 4.2: Vibrational frequencies and mode assignments of the observed FTIR bands (cm™) during

acetaldehyde treatment of an anatase Hombikat UV-100 film in the dark.

Position / cm Assignment

1072 p(CHz3) Ti-O=CHCHz3

1100 p(CHz) Ti-O=CH(CH)2CHs
1128 v(C-C) Ti-O=CHCHzs

1166 v(C-C) Ti-O=CH(CH).CHz3
1346 d(CHz) Ti-O=CHCHs

1374 8(CH) Ti-O=CHCHs

1437 8(CHa) Ti-O=CH(CH)2CH3
1626 v(C=C) Ti-O=CH(CH)2CHj3
1650 v(C=0) Ti-O=CH(CH).CH3
1699 v(C=0) Ti-O=CHCHj3

An anatase film was treated with acetaldehyde for 25 h and the gas at the reactor outlet
was constantly analysed by MS. Figure 4.7 illustrates the time evolution of the QMS
signal (41 m/z) corresponding to crotonaldehyde. When acetaldehyde is directed over the
UV-100 film, the QMS signal of crotonaldehyde increases until a constant value is
reached after 20 h of acetaldehyde treatment. Thus, the generated crotonaldehyde is
desorbed from the TiO. surface into the gas phase. When the acetaldehyde exposure is
stopped, the QMS signal of crotonaldehyde rapidly decreases again, because
crotonaldehyde is not formed anymore. Correlating the results obtained from the TiO;
surface with the ones from the gas phase, it is concluded that acetaldehyde molecules are
adsorbed on the TiO; surface reacting via an aldol condensation to crotonaldehyde which
is subsequently desorbed from the surface and is replaced by new acetaldehyde molecules
that again react to crotonaldehyde. Thus, the concentration of acetaldehyde detected at
the reactor outlet is constantly decreased while the crotonaldehyde concentration

increases with dosing time.
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Figure 4.7: Time evolution of the QMS signal corresponding to crotonaldehyde (41 m/z). An UV-100 film
is firstly purged with N2 for 1.5 h, then 50 ppm of acetaldehyde is directed over the UV-100 film for 25 h,

before the acetaldehyde exposure is stopped and N is directed again over the film. Reprinted from Ref.??

4.3 Adsorption of acetaldehyde and formation of crotonaldehyde on the TiO:
surface in the presence of water vapor in the dark
In the following section the influence of water vapor on the adsorption of acetaldehyde
and the formation of crotonaldehyde on the anatase surface is elucidated. For this purpose,
an anatase film was treated with a humidified acetaldehyde gas flow and the acetaldehyde
concentration was detected at the reactor outlet. Figure 4.8 illustrates a comparison
between the acetaldehyde concentration as a function of the time under dry (left) and
humidified conditions (right) in the dark. Under dry conditions the concentration of
acetaldehyde is constantly decreased from 1100 ppb to 700 ppb, indicating an adsorption
of acetaldehyde on the TiO2 surface, followed by an aldol condensation forming
crotonaldehyde, which is subsequently desorbed from the surface and is replaced by new
acetaldehyde molecules. Under humidity a different trend is observed. During the first
15 min of dosing the concentration of acetaldehyde decreases from 1000 ppb to 800 ppb
indicating an adsorption of acetaldehyde on the TiO2 surface. As soon as all adsorption
sites are occupied, the concentration of acetaldehyde increases again until the initial value
is reached after 1 h. Hence, the adsorption of acetaldehyde is decreased in the presence
of water vapor and therefore the formation of crotonaldehyde should also be prevented,

because acetaldehyde molecules are not able to react with each other.
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Figure 4.8: Acetaldehyde concentration as a function of the time under dry (left) and humidified (right)
conditions in the presence of O in the dark. During the first 60 min the acetaldehyde concentration is kept
constant at 1000 ppb in the bypass mode. Afterwards the gas flow is changed to the reactor mode treating
an UV-100 film with 1000 ppb of acetaldehyde for 2.5 h, before it is turned back to the bypass mode again.

Reprinted from Ref.12

A similar experiment was performed in order to gain a deeper understanding of the effect
of water vapor on the adsorption of acetaldehyde. Herein, an anatase film was treated
with acetaldehyde under dry conditions in the dark and the concentration of acetaldehyde
was detected at the reactor outlet. The corresponding time evolution of the acetaldehyde
concentration is shown in Figure 4.9. At the beginning the concentration was kept
constant at 1 ppm in the bypass mode for 1 h. Afterwards the gas mixture was directed
over the anatase sample for 12 h allowing the acetaldehyde molecules to adsorb and to
react to crotonaldehyde. The gas flow was then changed to the bypass mode and a
washing bottle was inserted into the system, in order to generate a humidified
acetaldehyde gas flow. When the gas mixture was directed again over the TiO2 film, the
concentration of acetaldehyde strongly increased from 1ppm to 6.3 ppm and
subsequently decreased to the value of 1 ppm again. Thus, in the presence of water vapor,
acetaldehyde molecules are desorbed from the TiO surface, because water is favorably
adsorbed. A decreased concentration of acetaldehyde is not detected at the reactor exit,
since acetaldehyde molecules do not react to crotonaldehyde anymore. Moreover, since
a huge amount of water is present on the TiO> surface, the equilibrium of the aldol
condensation shifts to the educt site, leading also to a decrease in the formation of

crotonaldehyde.
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Figure 4.9: Concentration of acetaldehyde as a function of the time in the presence of Oz in the dark. During
the first 60 min the concentration of acetaldehyde is kept constant at 1 ppm in the bypass mode. Afterwards
the gas is directed over the anatase film for 12 h, before turning back to the bypass mode again. A washing
bottle is inserted into the system, generating a humidified acetaldehyde gas flow, which is then directed

over the TiO; film again using the reactor mode. Reprinted from Ref.*2

For a further verification of the preferential adsorption of water compared to acetaldehyde
on the TiO; surface, the latter experiment was repeated and ATR-FTIR spectra of a TiO-
film were recorded. Figure 4.10 illustrates a spectrum of an anatase film (black) after an
acetaldehyde treatment for 2 h under dry conditions in the dark. As expected bands
characteristic for acetaldehyde and crotonaldehyde are observed. A washing flask was
then inserted into the system, in order to generate a humidified acetaldehyde gas flow,
which was directed over the TiO film. The intensity of the bands characteristic for
acetaldehyde and crotonaldehyde decrease immediately within 5 min of treatment,
indicating a fast desorption of acetaldehyde and crotonaldehyde from the anatase surface
because water is favorably adsorbed. Thus, the ATR-FTIR results confirm the GC

analysis.

The following experiments are performed under dry conditions, because water vapor
decreases the adsorption of acetaldehyde and prevents the formation of crotonaldehyde

on the TiO2 surface.
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Figure 4.10: ATR-FTIR spectrum of an anatase film recorded after acetaldehyde treatment for 2 h under
dry conditions and in the presence of O in the dark (black). Afterwards a humidified acetaldehyde gas flow
was directed over the TiO; film and a spectrum was recorded after 5 min of treatment (red). Reprinted from
Ref.12

4.4 Adsorption of acetaldehyde and formation of crotonaldehyde on the anatase
surface in the presence and absence of O: in the dark
In addition to the effect of water vapor, in the following the influence of molecular O, on
the adsorption of acetaldehyde and the formation of crotonaldehyde over TiO; is
examined. For this purpose an anatase film was treated with acetaldehyde in O, and in N2
atmosphere for 2.5 h in the dark and the concentration of acetaldehyde was detected at
the reactor outlet. Figure 4.11 shows the time evolution of the acetaldehyde concentration
in O (left) and N2 (right) atmosphere. Both curves show a similar trend. At the beginning
the concentration of acetaldehyde is kept constant at 1100 ppb using the bypass mode.
After 1 h the gas is directed over the anatase sample leading to a decrease in the
concentration from 1100 ppb to 700 ppb, thus, both, in O and N2 atmosphere,
acetaldehyde is adsorbed on the TiO. surface reacting via an aldol condensation to
crotonaldehyde, which is desorbed from the surface and is replaced by new acetaldehyde
molecules that again react with each other. When the gas flow is turned back to the bypass

mode, the concentration of acetaldehyde increases to its initial value of 1100 ppb.
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Figure 4.11: Time evolution of the acetaldehyde concentration in O, (left) and N, (right) atmosphere after
directing the gas over an anatase film in the dark. During the first 60 min the acetaldehyde concentration is
kept constant at 1100 ppb in the bypass mode. Afterwards the gas is directed over an UV-100 film for 2.5 h

using the reactor mode, before it is turned back to the bypass mode again. Reprinted from Ref.*?

Besides the gas analysis, ATR-FTIR spectra of an UV-100 film were recorded during
acetaldehyde treatment in O2 and in N2 atmosphere for 2 h in the dark (see Figure 4.12).
Both spectra show bands characteristic for molecular vibrations of acetaldehyde and
crotonaldehyde with similar intensities. Hence, according to the gas and surface analyses,
the presence of molecular O. does not have an effect on the adsorption of acetaldehyde

and the formation of crotonaldehyde on the TiO; surface.
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Figure 4.12: ATR-FTIR spectra of an UV-100 recorded during acetaldehyde treatment in O (left) and N2
(right) atmosphere for 2 h in the dark. Reprinted from Ref.!?

4.5 Photocatalytic degradation of acetaldehyde in the presence and absence of
molecular O2

After the processes in the dark have been investigated, in the following the effect of

molecular Oz on the degradation of acetaldehyde over TiO: is investigated upon UV

illumination. For this purpose, an anatase film was treated with acetaldehyde in Oz and in

N2 atmosphere for 6 h upon UV illumination and the concentration of acetaldehyde was
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detected at the reactor outlet. Figure 4.13 illustrates the time evolution of the acetaldehyde
concentration in O (left) and in N2 (right) atmosphere. At the beginning of the
illumination time the acetaldehyde concentration decreases from 700 ppb to 580 ppb in
both atmospheres, indicating a degradation of acetaldehyde over TiO.. In the presence of
O this value remains constant during illumination time, because acetaldehyde is
constantly degraded. In contrast, in N> atmosphere the concentration of acetaldehyde
increases after 30 min upon UV illumination reaching a value of 620 ppb at the end of
illumination time, because acetaldehyde is incompletely degraded in the absence of Oa.
When the UV light is turned off again the initial value is reached again and acetaldehyde

is not degraded anymore.
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Figure 4.13: Concentration of acetaldehyde as a function of the time in O, (left) and N (right) atmosphere

in the dark and upon UV illumination. Reprinted from Ref.*?

For a better understanding of the degradation mechanism of acetaldehyde on the TiO>
surface, ATR-FTIR spectra of an UV-100 film treated with acetaldehyde in Oz and in N2
atmosphere were recorded upon 6 h of UV illumination. The corresponding ATR-FTIR
spectra in Oz (left) and in N2 (right) atmosphere are illustrated in Figure 4.14. In Table
4.3 the positions of the bands are assigned to specific molecular vibrations of
intermediates formed during the decomposition of acetaldehyde. Upon UV illumination
the bands characteristic for acetaldehyde decrease in intensity because acetaldehyde is
degraded over TiO>. Simultaneously, new bands appear which increase in intensity with
illumination time. These bands are assigned to molecular vibrations of acetate and
formate. Herein, the vs(COO) and the vas(COOQ) of acetate as well as the v(C=0) of acetic
acid show a similar trend in intensity in O and in N2 atmosphere. In contrast, the vs(COO)
and the vas(COO) of formate appear similar in intensity during the first 30 min in both
atmospheres (black to purple), but afterwards the bands show a higher increase in O
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atmosphere than in N2> atmosphere. Thus, in the absence of molecular O, acetate and
formate are generated during the first 30 min upon UV illumination, but afterwards the

formation of formate decreases, because acetate is not converted into formate anymore.
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Figure 4.14: ATR-FTIR spectra of an UV-100 film recorded during acetaldehyde treatment in O (left) and
N (right) atmosphere upon 6 h of UV illumination. Reprinted from Ref.12

When correlating surface and gas analysis, it is proposed that under oxygenic conditions
acetaldehyde is constantly degraded into acetate/acetic acid and formate, because a
sufficiently high amount of Oz is available on the TiO2 surface for oxidation reactions. In
N2 atmosphere surface adsorbed Oz is consumed for the formation of acetate and formate
during the first 30 min upon UV illumination. As soon as all adsorbed O2 molecules have
reacted, O is depleted on the TiO> surface and acetate is not converted into formate
anymore. It is rather accumulated on the TiO; surface, thus acetaldehyde is incompletely
degraded and the concentration at the reactor outlet increases. It is proposed here that a
bridging oxygen atom from the TiO surface is consumed for the formation of acetate in

the absence of molecular Oa.

35



4 Results

Table 4.3: Vibrational frequencies and mode assignments of the observed FTIR bands (cm™) of an anatase

Hombikat UV-100 film during acetaldehyde treatment and UV illumination.

Position / cm™ Assignment

1025 p(CH3) CH:COO
1051 v(C-C) CH3COO
1340 vs(COO) HCOO
1377 v(C-H) HCOO"
1411/1417 d(CHs) CH:COO
1436/1444 vs(COO0) CH3COO
1558/1563 vas(COO) CH3COO
1594 vas(COO) HCOO
1646 d(H20)

1699 v(C=0) CH3COOH

4.6 Photodesorption of crotonaldehyde from the TiO2 surface

The ATR-FTIR spectra in Figure 4.14 also show, that besides acetaldehyde the bands
characteristic for crotonaldehyde decrease in intensity upon UV illumination suggesting
a decomposition of crotonaldehyde over TiO>. However, this assumption is not confirmed
by MS. Herein, an UV-100 film was treated with acetaldehyde in N2 atmosphere for 2 h
in the dark allowing the acetaldehyde molecules to adsorb and to react to crotonaldehyde
on the TiO surface. Afterwards the sample is illuminated by UV light for 3 h, followed
by a dark period of 1 h again. Figure 4.15 shows the time evolution of the QMS signal
corresponding to crotonaldehyde (41 m/z) detected at the reactor outlet. Upon UV
illumination the QMS signal rapidly increases within the first 10 min and then decreases
again indicating that upon UV illumination crotonaldehyde is desorbed from the TiO-

surface into the gas phase.
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Figure 4.15: QMS signal of crotonaldehyde (41 m/z) as a function of the time in the dark and upon UV
illumination. The gas at the reactor outlet was constantly analysed by MS during acetaldehyde treatment of
an UV-100 film in the absence of O..

4.7 Evolution of gaseous products during the photocatalytic degradation of
acetaldehyde over TiOz2 in the absence of molecular O2
In addition to crotonaldehyde, further gases were detected at the reactor outlet during
acetaldehyde degradation over TiO2 in the absence of molecular O,. Figure 4.16
illustrates the time evolution of the QMS signal corresponding to CH4 (16 m/z). Upon
UV illumination the QMS signal strongly increases within the first 30 min and afterwards
decreases again until a stable value is reached at the end of illumination time. The fast
evolution at the beginning of the illumination may result from the degradation of
acetaldehyde molecules adsorbed during the dark period. As soon as the adsorbed
acetaldehyde molecules have reacted, the QMS signal decreases because new
acetaldehyde molecules need to reach the TiO> surface. At the end of illumination time a
constant value is observed evincing that equilibrium has been reached. When turning off
the UV light again, the QMS signal further decreases to its initial value. Hence, MS
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analysis reveals the formation of CHs during the photocatalytic degradation of

acetaldehyde over TiOz in the absence of molecular Oo.
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Figure 4.16: Time evolution of the QMS signal of CH. (16 m/z) evolved during the photocatalytic

degradation of acetaldehyde over TiO, in the absence of O,. Reprinted from Ref.*?

Besides the evolution of CH4, CO- is also detected at the reactor outlet. Figure 4.17
illustrates the QMS signals of C'°0; (44 m/z) and the isotopologues C'800 (46 m/z) as
a function of the time. During the first 30 min upon UV illumination of the UV-100 film
a fast evolution of CO- occurs resulting from the reaction of acetaldehyde molecules with
surface-adsorbed O.. As soon as all adsorbed O2 molecules have reacted, O- is depleted
on the surface and thus the formation of CO> rapidly decreases. When the UV-light is
turned off, the QMS signal further decreases to its initial value. Accordingly, upon UV
illumination acetaldehyde is photocatalytically decomposed into CO- in the absence of

molecular Os.

When correlating the surface and the gas phase analysis, it is concluded that in the absence
of molecular O, acetaldehyde reacts with surface adsorbed O> to acetate, formate, and
eventually CO2 during the first 30 min upon UV illumination. When all the adsorbed O>
molecules have been consumed, O is depleted on the TiO> surface and acetate is not
converted into formate anymore. It is rather accumulated on the TiO. surface, where it

partly decomposes into CHs and COs..
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Acetate is most likely formed by a reaction of adsorbed acetaldehyde with a lattice oxygen
atom from the TiO; surface. Thus, CO2 should contain a bridging oxygen atom from the

TiO2 lattice. For proving this assumption isotopic studies using Ti*®O, have been

performed.
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Figure 4.17: Time evolution of the QMS signal of C%0, (44 m/z) and the isotopologues C'80*0 (46 m/z)
during photocatalytic degradation of acetaldehyde over UV-100 (Ti60,) in the absence of O.. Reprinted

from Ref.>’

A schematic illustration of the hydroxylated surface of Ti*®O; is shown in Figure 4.18.
Two types of oxygen species exist on the TiO> surface: the terminal oxygen atoms and
the bridging oxygen atoms. The terminal oxygen atom can be removed by heating up to
623 K while the bridging oxygen atoms remain stable up to 773 K. The synthesized Ti*®0;
contains terminal oxygen atoms %O and bridging oxygen atoms 80, because Ti*®0,
was calcined at 623 K, therefore, the terminal oxygen atoms were mostly removed from
the surface while the bridging oxygen atoms remain stable at this temperature. Further
washing with H2®0 induces a replacement of the remaining 2Oy atoms by 60y atoms

from water.%°
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Figure 4.18: Schematic illustration of the hydroxylated surface of Ti*®0,. Reprinted from Ref. 57

Ti'®0, and UV-100 (Ti*®0,) were treated with acetaldehyde for 2 h in the dark, followed
by UV illumination for 3 h, before turning back to the dark mode again. During this
process the evolved C0; (44 m/z) and C800 (46 m/z) were monitored at the reactor
outlet by MS. Figure 4.17 and Figure 4.19 show the time evolution of the QMS signals
of C*0; (44 m/z) and C*00 (46 m/z) corresponding to Tit*0, (UV-100) and Ti‘tOy,
respectively. When comparing the trends of the C°0; and C*0®0 curves, they appear
similar except that the C!80*®0 signal is two orders of magnitude lower than the C1°0;
signal, because of the natural abundance of C*0¥%0 in C'®0,. Both, UV-100 and the
isotopologues Ti*®0; exhibit a fast CO, evolution at the beginning of the UV illumination,
because acetaldehyde molecules react with surface-adsorbed O, forming acetate, formate,
and eventually CO2. As soon as O is depleted on the TiO> surface, the CO2 evolution
decreases. When the UV light is turned off, the QMS signals reach the initial values again.
In order to figure out, whether bridging oxygen atoms are incorporated into CO2, the QMS

signal ratio was calculated according to the following equation:

m — 46((:180160) (15)
QMS signal ratio / % : Zm x 100
- = 44(C'%0,)

The corresponding QMS signal ratios of Ti**0, and Ti*®0; as a function of the time are
illustrated in Figure 4.20. In the dark both samples exhibit a similar ratio of 0.45 % due
to the natural abundance of C*00 in C%0, Upon UV illumination the ratio of the
Ti'80; increases from 0.45 % to 0.56 % during the first 30 min, remains then constant for
1 h before it decreases again to 0.51% at the end of illumination time. When turning off
the UV light, the ratio further decreases to its initial value of 0.45 %. In contrast, Ti*®O,
exhibits a constant ratio of 0.45 % in the dark and upon illumination. The increased ratio
of TittO2 upon UV illumination clearly proves an incorporation of bridging oxygen 80y

atoms into CO, because Ti*®0; is the only 80p? source. It is proposed that upon UV
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illumination holes are trapped as Oy, which react with adsorbed acetaldehyde forming
acetate that is further decomposed into CO.. The remaining oxygen vacancy is
replenished by an oxygen atom supplied from adsorbed H,®O, because during UV
illumination the C*0®0/C*0; ratio of the Ti*®0, decreases. The replenished bridging
oxygen atom °0p? acts as new trapping site for a hole forming Oy~ which further
reacts with acetaldenyde to acetate and eventually C!0,. Accordingly, the
C180%0/C0; ratio decreases with illumination time, because only a limited amount of

180p,2 atoms is available for the reaction with acetaldehyde.
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Figure 4.19: Time evolution of the QMS signal from C®0, (44 m/z) and the isotopologues C¥0%0O
(46 m/z) during photocatalytic degradation of acetaldehyde over Ti*®0; in the absence of O,. Reprinted
from Ref.%’

The number of 20,? atoms incorporated into the evolved CO; is calculated for TittOx.
For this purpose the QMS signal of the C'*0, curve of Ti'®0; is converted into a rate
(umol/h) of CO2 production by performing a calibration with a standard C°0O, gas (see
Figure 4.21). Figure 4.22 shows the calculated CO; rate as a function of the time. The
total amount of C*%0, produced during the photocatalytic degradation of acetaldehyde is
determined by an integration in the time range between 1.7 h and 5 h yielding a value of
4.29 pymol C0,. A further integral in the same time range is performed for the
C80¥0/C¥0; ratio of Ti'®0, (see Figure 4.20) obtaining a value of 0.32 %. The total

amount of C*0*®0 photogenerated is calculated according to equation 16:
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180(%) (16)

18116 — 16 x
C'®0'°0 (umol) = C*°0, (umol) 100

0.014 pmol C8B0O*0 are evolved during the photodegradation of acetaldehyde on the
Tit80, surface. Since Ti'®0; is the only 80 source, the amount of exchanged oxygen

atoms can be calculated according to the following equation:

6.022 x 10'atoms (17)
1 umol

180, atoms exchanged = C'#0°0 (umol) x

8.16x10'° bridging oxygen atoms from the TiO, lattice are incorporated into CO..
Montoya et al.’® observed a similar value of 9.33x10™ oxygen atoms which were

exchanged during the photocatalytic degradation of benzene under anaerobic conditions.

Hence, this work strongly supports the incorporation of bridging oxygen atoms from the
TiO> lattice into CO during the photocatalytic degradation of gaseous acetaldehyde.
Upon UV illumination adsorbed acetaldehyde molecules react with bridging oxygen

atoms forming acetate and eventually CO,.
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Figure 4.20: QMS signal ratio of Ti'®O; and Ti'®0, during the photocatalytic degradation of acetaldehyde

in the absence of molecular O,. Adapted from Ref.%’
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Figure 4.22: Production rate of C*0, (umol/h) during the photocatalytic degradation of acetaldehyde over

Ti*0; in the absence of O,. Reprinted from Ref.%’
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5 Discussion

This chapter begins with a discussion of the adsorption of acetaldehyde and the formation
of crotonaldehyde on the TiO surface in the dark. In particular, it is elucidated how water
vapor and molecular O affect the surface processes in the dark. In the second part, the
degradation mechanism of acetaldehyde in the presence and absence of O is discussed
in order to understand the role of molecular O2 in the photocatalytic degradation process
of acetaldehyde. In this context, it is clarified whether lattice oxygen atoms from the TiO>

surface are involved in the photocatalytic degradation process of acetaldehyde.

5.1 Acetaldehyde adsorption and crotonaldehyde formation under dry conditions
in the dark
When an UV-100 film is treated with acetaldehyde in O» atmosphere under dry conditions
in the dark, the acetaldehyde concentration detected at the reactor outlet is constantly
decreased from 1100 ppb to 700 ppb (see Figure 4.4). Interestingly, the concentration
does not increase to the initial value again even after several hours of acetaldehyde gas
treatment (see Figure 4.5). ATR-FTIR spectra were recorded of an UV-100 film treated
with acetaldehyde for 2 h under dry conditions in the dark, in order to figure out the reason
for the constantly decreased concentration of acetaldehyde. The spectra (shown in Figure
4.6) reveal an adsorption of acetaldehyde on the anatase surface. Acetaldehyde adsorption
on the TiO2 surface occurs in two different ways: either the carbonyl group of
acetaldehyde interacts molecularly via hydrogen bonds with surface hydroxyl groups
from TiO- or acetaldehyde is adsorbed in a more stable way through its oxygen lone pair
on Ti'"V sites (see chapter 2.3).32% The shift of the v(C=0) of acetaldehyde from 1761 cm™*
in the gas phase® to lower wavenumbers of 1699 cm™ (see Table 4.2) clearly proves the
interaction between the oxygen lone pair of the carbonyl group of acetaldehyde and Ti'V
sites of Ti0,.% Besides v(C=0) further bands characteristic for acetaldehyde such as
p(CHz), v(C-C), 8(CHz), and 6(CH) are observed, which increase in intensity with dosing

time revealing also an adsorption of acetaldehyde on the TiO> surface.

In addition to acetaldehyde, ATR-FTIR spectra show bands characteristic for the
molecular vibrations of crotonaldehyde (see Table 4.2). These findings are in accordance
to the literature, where crotonaldehyde has also been observed on the TiO: surface by
FTIR spectroscopy.3:383%5° |driss et al.” proposed that two acetaldehyde molecules
adsorbed on the TiO> surface react via an aldol condensation to crotonaldehyde. This

reaction is initiated by a bridging oxygen atom from the TiO2, which acts as a base
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abstracting one proton from the carbonyl group of an adsorbed acetaldehyde molecule
(see chapter 2.3). The thus generated crotonaldehyde molecule is adsorbed through its
oxygen lone pair on Ti'V sites as is evidenced by a shift in the v(C=0) of crotonaldehyde
from 1725 cm? in the gas phase to lower wavenumbers of 1650 cm™.%° Thus,
acetaldehyde and crotonaldehyde are both adsorbed at the same adsorption sites on the
TiOz surface.

Besides the processes occurring on the TiO> surface the gas at the reactor outlet was also
analysed by MS. Figure 4.7 shows the QMS signal corresponding to crotonaldehyde. The
signal steadily increases during acetaldehyde treatment and rapidly decreases, when
acetaldehyde dosing is stopped. Thus, the formed crotonaldehyde is obviously desorbed

from the TiO- surface, because it is detected in the gas phase by MS.

The results obtained from the TiO- surface are correlated with the gas phase analyses and
a reaction mechanism is proposed which is illustrated in Figure 5.1. Herein, it is suggested
that acetaldehyde molecules are firstly adsorbed on the TiO2 surface under dry conditions
in the dark. When two neighboring acetaldehyde molecules are adsorbed, they are able to
react via an aldol condensation forming crotonaldehyde (see section 2.3). Acetaldehyde
and crotonaldehyde both are adsorbed through their oxygen lone pairs on Ti'V sites
resulting in a competition for adsorption sites. Hence, the continuous acetaldehyde gas
flow leads to a replacement of the generated crotonaldehyde molecules by acetaldehyde
molecules, which has been evidenced by an increase in the concentration of
crotonaldehyde in the gas phase by MS. The newly adsorbed acetaldehyde molecules
react again to crotonaldehyde leading to a constantly low concentration of acetaldehyde
at the reactor outlet detected by GC/PID.

Rekoske et al.>® investigated the competition between acetaldehyde and crotonaldehyde
on anatase and rutile TiO> surfaces by FTIR spectroscopy. These authors observed the
formation of crotonaldehyde on the rutile surface at 313 K, but did not observe this
process on the anatase surface, apparently because higher temperatures of 373 K are
required here. In the present study the formation of crotonaldehyde on the anatase surface
was observed at RT. Rekoske et al. showed that both, crotonaldehyde and acetaldehyde
adsorb in a similar fashion and that they can be readily displaced by the respective other
aldehyde from the TiO surface, which is in accordance to the results obtained in this

study.
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Figure 5.1: Schematic illustration of the surface processes occurring under dry conditions in the dark when

an UV-100 film is treated with acetaldehyde in O, atmosphere. After the adsorption of acetaldehyde
molecules on the TiO, surface, they react via an aldol condensation forming crotonaldehyde, which is
desorbed from the surface and is replaced by new acetaldehyde molecules that again react to

crotonaldehyde. Reprinted from Ref.*?

5.2 Effect of water vapor on the adsorption of acetaldehyde and the formation of
crotonaldehyde
After the mode of adsorption as well as the surface catalyzed aldol condensation of
acetaldehyde have been clarified under dry conditions in the dark, in the following section
the effect of water vapor on the adsorption of acetaldehyde and on the formation of
crotonaldehyde is elucidated. For this purpose an UV-100 film was treated with 1000 ppb
of acetaldehyde in the presence of water vapor and the concentration of acetaldehyde was
detected at the reactor outlet by GC/PID. Figure 4.8 shows on the right that the
concentration of acetaldehyde firstly decreases from 1000 ppb to 800 ppb and then
increases to its initial value. Thus, acetaldehyde molecules are adsorbed on the TiO>
surface until all adsorption sites are occupied leading to an increase of the acetaldehyde
concentration at the reactor outlet. Sofianou et al.%! and Horikoshi et al.®? also observed
a brief decrease in the acetaldehyde concentration when TiO. was exposed to a humidified
acetaldehyde gas flow of 1000 ppb, which they explained by an adsorption of
acetaldehyde molecules on the TiO> surface. When comparing the time evolution curves
of acetaldehyde under dry and humid conditions, it can be seen that the adsorption of
acetaldehyde on the TiO> surface is much lower in the presence of water vapor as in its

absence.

For a better understanding of the effect of water vapor on the adsorption of acetaldehyde

and on the formation of crotonaldehyde on the TiO surface, the experiment shown in
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Figure 4.4 was repeated and an anatase film was treated with 1000 ppb of acetaldehyde
under dry conditions in the dark. Figure 4.9 shows that the acetaldehyde concentration
detected at the reactor outlet is constantly decreased to 700 ppb evincing an adsorption of
acetaldehyde and the formation of crotonaldehyde on the TiO; surface. Thus, both
acetaldehyde and crotonaldehyde are present on the TiO> surface. The gas flow was then
changed from the reactor to the bypass mode and a washing flask was inserted into the
system. When the humidified acetaldehyde gas mixture was directed over the TiO> film,
the acetaldehyde concentration rapidly increases from 1000 ppb to 6000 ppb indicating a
desorption of acetaldehyde from the TiO> surface because water molecules are favorably
adsorbed. After 2 h of dosing the concentration reaches the initial value of 1000 ppb
again. Hence, crotonaldehyde is not formed under humid conditions because of the minor
adsorption of acetaldehyde molecules (see Figure 5.2). Furthermore, water is a product
of the aldol condensation, therefore the reaction equilibrium is shifted to the educt site.
For verification of this assumption the experiment was repeated and ATR-FTIR spectra
of an anatase film were recorded during acetaldehyde treatment for 2 h under dry
conditions in the dark (see Figure 4.10). Bands characteristic for acetaldehyde and
crotonaldehyde are observed due to the adsorption of acetaldehyde and the formation of
crotonaldehyde. When changing the gas flow from dry to a humidified acetaldehyde gas
mixture, the acetaldehyde and crotonaldehyde bands rapidly decrease within 5 min of
dosing time evincing a fast desorption of acetaldehyde and crotonaldehyde molecules
from the TiO2 surface. Hence, acetaldehyde and crotonaldehyde are reversibly adsorbed
on the TiOz surface, because they can be easily replaced by water molecules.

Batault et al.® reported, that under dry conditions in the dark the adsorption of
acetaldehyde molecules on the TiO. surface mostly occurs irreversibly, with the
reversible fraction being only around 4 %. Chang et al.®® also observed an irreversible
adsorption of acetaldehyde on the SrTiOz surface under dry conditions. However, these
authors heated their samples to 673 K and 773 K before each measurement leading to a
decrease in the number of hydroxyl groups per nm? from 7.88 (13.1 pmol m) at 298 K
to 0.132 (0.219 pmol m) at 873 K according to Nagao et al.%* In this work, TiO; films
were dried at RT, therefore the high number of surface hydroxyl groups prevents an
irreversible adsorption of acetaldehyde on the TiO. surface. Batault et al. also observed
a completely reversible physical adsorption of acetaldehyde on the TiO2 surface using
50 % RH because of the complete surface hydroxylation, which already occurs below a
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RH of 10 %.% According to the reaction mechanism proposed by Singh et al.*® two
acetaldehyde molecules need to be adsorbed through their oxygen lone pair on Ti'V sites,
in order to react with each other. Under humidified conditions the surface is completely
hydroxylated and water is adsorbed, therefore acetaldehyde is not able to interact with

Ti'V sites and crotonaldehyde is not formed (see Figure 5.2).

El-Maazawi et al.®* made similar observations, when they investigated the adsorption and
the aldol condensation of acetone on the TiO surface under dry and humid conditions in
the dark. In the absence of water vapor 60 % of the adsorbed acetone molecules react to
mesityl oxide, while under humid conditions only a minor amount of mesityl oxide is
generated, because water is a product of the aldol condensation and therefore its presence

does not favor the formation of mesityl oxide.
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Figure 5.2: Schematic illustration of the effect of H,O on the adsorption of acetaldehyde and the formation

of crotonaldehyde on the TiO, surface. Reprinted from Ref.?2

5.3 Effect of O2 on the adsorption of acetaldehyde and the formation of
crotonaldehyde
Besides the effect of water vapor, the influence of molecular O, on the adsorption of
acetaldehyde and the formation of crotonaldehyde on the TiO surface is elucidated. For
this purpose, an UV-100 film was treated with acetaldehyde in the presence and absence
of Oz under dry conditions in the dark and the acetaldehyde concentration was detected
at the reactor outlet. As shown in Figure 4.11, the concentration of acetaldehyde is
constantly decreased from 1100 ppb to 700 ppb in Oz and N2 atmosphere. ATR-FTIR
spectra show bands characteristic for acetaldehyde and crotonaldehyde in both, O, and
N2 atmosphere, which increase in intensity with acetaldehyde dosing time (see Figure

4.12). Hence, independently on the O> concentration acetaldehyde is adsorbed on the
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TiO> surface reacting via an aldol condensation to crotonaldehyde, which is desorbed
from the surface and is replaced by new acetaldehyde molecules. Molecular O neither
has an influence on the adsorption of acetaldehyde nor on the formation of
crotonaldehyde, because at the beginning of both experiments, O is already adsorbed on
the TiO> surface at oxygen vacancies (see Figure 5.3) produced by annealing at
temperatures of T > 400 K.!” Henderson et al.®® showed that O, becomes negatively
charged upon adsorption and is stable up to 410 K, where it dissociates healing the oxygen
vacancy and forming one O-adatom. Thus, Oz is strongly adsorbed on the TiO: surface.
Its presence during the acetaldehyde treatment does not influence the adsorption of
acetaldehyde and therefore also not the formation of crotonaldehyde, since O- is already

adsorbed on the TiO> surface at the beginning of both experiments.

A different trend was observed when the adsorption of isobutene on a clean rutile TiO>
(110) surface and on a rutile TiO. (110) surface, that had been annealed and preadsorbed
with O, was compared. Herein, a decreased amount of isobutene was adsorbed on the
treated rutile TiO2 (110) surface compared to the clean one because O apparently blocks

the adsorption sites of isoutene.®’

Idriss et al.” observed a higher amount of acetaldehyde adsorbed on the reduced TiO;
(001) surface compared to the oxidized TiO, (001) surface because in addition to Ti'V
sites acetaldehyde molecules might also be adsorbed on oxygen vacancies. In contrast,
the formation of crotonaldehyde is facilitated on oxidized TiO> surfaces, because a higher
number of surface oxide anions is available to initiate the aldol condensation by

abstracting a proton from an adsorbed acetaldehyde molecule (see Figure 2.6).

In this study, a commercial UV-100 powder was used for the investigations, which had
not been additionally treated or annealed before. Thus, the sample surfaces are similar
and should not induce large differences in the adsorption of acetaldehyde and the

formation of crotonaldehyde.
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Figure 5.3: Adsorption of molecular O at oxygen vacancies. Adapted from Ref.58

5.4 Photodesorption of crotonaldehyde from the TiO2 surface

After the adsorption and the catalytic reactions of acetaldehyde on the TiO2 surface have
been elucidated in the dark, in the following sections the photocatalytic processes
occurring upon UV illumination on the TiO> surface are discussed. In this context, the

photoinduced desorption of crotonaldehyde from the TiO surface is firstly described.

The ATR-FTIR spectra shown in Figure 4.14 reveal a rapid decrease in the intensity of
the bands characteristic for crotonaldenyde upon UV illumination, while the
crotonaldehyde signal in the gas phase detected at the reactor outlet (see Figure 4.15)
strongly increases at the beginning of the UV illumination and afterwards steadily
decreases again. Thus, crotonaldehyde is desorbed from the surface into the gas phase
upon UV illumination. This effect has also been observed for O, alkyl halides, and
butene.®®"1 Henderson et al.®” showed that upon UV illumination adsorbed isobutene is
desorbed from the TiO, surface resulting in a depletion without significant

photooxidation.

One possible mechanism is the photo-thermal-desorption of crotonaldehyde from the
TiO2 surface assuming that the thermal energy released non-adiabatically by the
recombination processes of photogenerated electrons and holes leads to a desorption of
crotonaldehyde molecules from the TiO- surface (see Figure 5.4, A). This assumption has
been confirmed by Berger et al.”?, who reported a UV induced local heating effect in TiO;
nanocrystals due to recombination processes. The energy released by the recombination
of photogenerated charge carriers can also induce a deaggregation of TiO2 nanoparticles

according to Mendive et al.”.
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Figure 5.4: Proposed mechanisms for the desorption of crotonaldehyde from the TiO, surface into the gas

phase upon UV illumination.

The conversion to a super hydrophilic surface structure of TiO2 upon UV illumination
could also induce a desorption of crotonaldehyde from the TiO2 surface (see Figure 5.4,
B). Upon UV illumination the TiO2 surface becomes more hydrophilic and gradually
converts into the initial less hydrophilic state when turning back to the dark mode. ‘H-
NMR spectra evidenced an increase in the intensity of the signal characteristic for water
molecularly adsorbed on the TiO> surface upon UV illumination. In the dark the signal
decreased again to the initial state due to the desorption of water molecules.®! Sakai et
al.” proposed that the photogenerated holes play a major role in the hydrophilic
conversion of the TiO. surface. A proposed reaction mechanism for the photoinduced
hydrophilicity of the TiO. surface is shown in Figure 5.5. Upon UV illumination the
photogenerated holes are trapped as bridging oxygens atoms Og;" leading to a weakening
of the binding energy between the Ti atom and the bridging oxygen atom. Thus, water is
able to break the bond resulting in the formation of two hydroxyl groups. In the dark the

hydroxyl groups desorb as H,02 or H,0 and O from the surface.”™
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Figure 5.5: Proposed reaction mechanism for the photoinduced hydrophilicity of TiO,. Reprinted with

permission from Ref.”

5.5 Acetaldehyde degradation in Oz and N2 atmosphere

In the following section it is discussed, how molecular O, affects the degradation
mechanism of acetaldehyde over TiO.. For this purpose an UV-100 film was treated with
acetaldehyde in O2 and N2 atmosphere upon UV illumination. Figure 4.13 shows the time
evolution of the acetaldehyde concentration in Oz (left) and N2 (right) atmosphere detected
at the reactor outlet. Upon UV illumination the concentration of acetaldehyde in O
atmosphere decreases from 700 ppb to 580 ppb at the beginning and then remains
constantly low until the end of the illumination time indicating a constant decomposition
of acetaldehyde in the presence of O.. When the UV light is turned off the concentration
increases again to its initial value evincing that acetaldehyde is not degraded anymore. In
contrast, in the absence of molecular O; a different trend is observed. While at the
beginning the concentration of acetaldehyde is as low as in O, atmosphere, it afterwards
increases with illumination time indicating an incomplete degradation of acetaldehyde in
the absence of O2. When the UV light is turned off, the concentration further increases to

its initial value.

ATR-FTIR spectra of an UV-100 film treated with acetaldehyde in O, and N, atmosphere
were recorded aiming to gain further insight into the degradation reaction of acetaldehyde
on the TiO2 surface in the presence and absence of O (see Figure 4.14). These ATR-
FTIR spectra reveal a decomposition of acetaldehyde upon UV illumination in O
atmosphere, because the intensity of the bands characteristic for acetaldehyde decrease
upon UV illumination, while simultaneously new bands appear which increase in
intensity with illumination time. These bands are assigned to molecular vibrations of
acetate and formate. Thus, acetaldehyde is obviously degraded into acetate and formate
in the presence of Oz. These results are in accordance to the literature, where acetate and

formate were also detected on the TiO. surface by FTIR spectroscopy during the
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photocatalytic acetaldehyde degradation.®® Besides the formation of acetate and formate,
formaldehyde and CO, were also detected as reaction products.t* A detailed description
of the proposed degradation mechanism of acetaldehyde over TiO2 in the presence of O

is shown in section 2.4.

In N2 atmosphere acetate and formate are also generated during the first 30 min upon UV
illumination, but afterwards the formation of formate decreases, while acetate is still
generated. It is proposed here that at the beginning of the UV illumination Oy is still
adsorbed on the photocatalyst surface and reacts with acetaldehyde forming acetate and
formate. As soon as all adsorbed O, molecules have been consumed, molecular Oz is
depleted and therefore acetate is not converted into formate anymore. Acetate is rather
accumulated on the TiO2 surface, therefore new acetaldehyde molecules cannot be

degraded and the concentration of acetaldehyde detected at the reactor exit increases.

Szanyi et al.”® investigated the photocatalytic decomposition of acetone over TiOz in the
presence and absence of Oz by IR spectroscopy. Upon UV illumination under anaerobic
conditions acetone was incompletely decomposed and only a small amount was converted
into acetate and formate. These authors proposed, that surface adsorbed O> had been
consumed for the formation of acetate and formate and as soon as O, was depleted both
molecules could not be decomposed into CO. anymore. Hence, these findings are in

accordance to the results obtained in this work.

From literature it is known that O is strongly adsorbed on the TiO> surface. Henderson
et al.®® have shown, that O, becomes negatively charged upon adsorption (see Figure 5.3).
When increasing the temperature to 410 K the O.™ molecule dissociates healing the Vo
and forming one O-adatom. Wendt et al.”” reported employing scanning tunneling
microscopy (STM), that the dissociative adsorption of O already occurs at RT not only
on Vo, resulting in filled vacancies and isolated O-adatoms, but also on non-vacancy sites
resulting in pairs of O-adatoms. It has also been shown, that the presence of surface
hydroxyl groups facilitates the adsorption of O, molecules.”® Hence, these results reveal
that Oz is strongly adsorbed at different TiO2 surface sites confirming the assumption that
surface adsorbed O- is still present on the TiO> surface at the beginning of the UV

illumination even in N2 atmosphere.

For a better understanding of the degradation mechanism of acetaldehyde in the absence

of molecular O, the gas at the reactor outlet was analysed by MS during the degradation

54



5 Discussion

of acetaldehyde over TiO2 in N2 atmosphere. Figure 4.16 and Figure 4.17 show the
formation of CHs and CO: during the photocatalytic degradation of acetaldehyde.
Kraeutler and Bard also observed the formation of CO2 and CH4 as main reaction products
during the photocatalytic degradation of acetic acid over platinized TiO,. These authors
proposed that acetic acid was converted into CO2 and CH4 via a photo-Kolbe reaction
pathway.’®8% Hamid et al.8! also observed the formation of CH4 and CO., when aqueous
acetic acid was decomposed over TiO in the absence of molecular O2. Thus, it is
proposed here that upon UV illumination and in the absence of O, acetaldehyde is
degraded over TiO2 forming acetate, which is decomposed into CO2 and CHs. Figure 5.6
illustrates the degradation mechanism of acetaldehyde over TiO2 in the presence and
absence of O2. When O3 is present at sufficiently high concentration on the TiO> surface
acetaldehyde is constantly decomposed into acetate and formate, which is in accordance
to the literature, where acetate and formate were also detected on the TiO> surface by
FTIR spectroscopy.®3° In the absence of molecular O, acetaldehyde is oxidized into
acetate, which is accumulated on the TiO> surface partly reacting to CO2 and CHa. Acetate
is proposed to be generated by the reaction of adsorbed acetaldehyde with a bridging
oxygen atom from the TiO. lattice. Figure 2.3 shows a schematic illustration of the TiO-
surface consisting of bridging and terminal oxygen atoms.
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Figure 5.6: Proposed degradation mechanism of acetaldehyde over TiO; in the presence (left) and absence
(right) of O,. Reprinted from Ref.*?

Only few studies have been published suggesting that lattice oxygen atoms from the TiO>
surface are involved in photocatalytic reactions. EI-Maazawi et al.® investigated the
photocatalytic degradation of acetone over dehydrated TiO, at different acetone
coverages in the presence and absence of O, by FTIR spectroscopy. At low acetone
coverages (© = 0.01 monolayer) the degradation rate of acetone was much higher in the
presence of Oz as in its absence, suggesting that two mechanisms are involved in the
photooxidation of acetone. In the first mechanism a photoadsorption of gas phase O2
occurs resulting in the formation of two adsorbed O°. Upon UV illumination the
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photogenerated electron is trapped as Ti""!, which transfers one electron to an adsorbed O
forming O that further reacts with acetone into CO, and H>O (see equation 18-22):

TiO2+hv > ht + e (18)
TiV + e- > Till (19)
02 (ads) = 2 0 (ads) (20)
Til + O° (ads) =2 TilV + O-(ads) (21)
(CH3)2CO0 (ads) + 8 O- (ads) »>—>-> 3 COz2 + 3 H20 (22)

The second mechanism involves the reaction of an adsorbed acetone with lattice oxygen

atoms from the TiO. surface forming CO and H.O:
(CH3)2CO (ads) + 8 O (lattice) >—>-> 3 COz + 3 H20 (23)

At low acetone coverage the reaction of acetone with adsorbed O is much faster than the
one with lattice oxygen atoms. In contrast, with increasing acetone coverage the reaction
with lattice oxygen atoms becomes the predominant reaction pathway since the
degradation rate of acetone is similar in the presence and in the absence of O.. Thus,
lattice oxygen atoms might play a crucial role in photocatalytic processes and therefore

should also be considered.

Xu et al.®2 investigated the photoinduced decomposition of acetaldehyde on a reduced
rutile surface in the absence of molecular O, at 110 K. Upon UV illumination
acetaldehyde was converted into acetate and formate detected by time of flight (TOF) and
temperature programmed desorption (TPD) analyses. A schematic illustration of the
formation of acetate and formate on the TiO. surface is presented in Figure 5.7. It is
proposed that adsorbed acetaldehyde reacts with bridging oxygen atoms to a bidentate
structure, which either transfers one H atom to a bridging oxygen atom forming acetate
or ejects CHs' into the gas phase generating formate. In contrast, in the present study the
formation of formate was also observed, but only at the beginning of the UV illumination
when adsorbed O was still present on the surface. As soon all O, molecules have been

consumed the formation of formate decreases.
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Figure 5.7: Schematic illustration of the reaction of adsorbed acetaldehyde with bridging oxygen atoms
from TiO; forming acetate and formate upon UV illumination and in the absence of O,. Adapted from
Ref.%2

Larson et al.®® reported a photocatalytic oxidation of 2-propanol over TiO2 forming
acetone, H20, and CO> at low Oz concentrations. These authors also proposed that lattice
oxygen atoms from the TiO> surface were consumed for the photooxidation of 2-propanol
while the gas phase O was only required to replenish the remaining oxygen vacancies.
Walker et al. suggested that both, lattice oxygen atoms and gas phase O are involved
in the photooxidation of alkanes, while for the degradation of alcohols only lattice oxygen
atoms are consumed and gas phase Oz is only required to replenish the oxygen vacancies.
Muggli et al.®>8® investigated the photocatalytic degradation of acetic acid over TiO; in
the absence of molecular O,. These authors proposed that acetic acid is either decomposed
into CO2 and CHya, without the involvement of lattice oxygen atoms or it extracts oxygen
atoms from the TiO> lattice to form H20, CO2, and C>He. Photocatalytic degradation
experiments using CHz3COOH showed the formation of 3CO; evincing the oxidation of
the a-carbon into CO2 while the B-carbon forms CH4 and C2He (see equation 24 and 25).
These authors proposed that the resulting oxygen vacancy is replenished by an oxygen

atom supplied from the bulk.
CH313COOH - CH4 + 13CO2 (24)
2 CH33COOH + Ouattice 2 C2Hs + 13C0O2 + H20 (25)

Muggli et al.®” also reported that under anaerobic conditions formic acid extracts one
oxygen atom from the TiO: lattice to form CO> and H20 (see equation 26). The resulting
oxygen vacancy is replenished by an oxygen atom supplied from the bulk, which is the

rate determining step in the degradation process.
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HCOOH + Olattice > H20 + CO2 (26)

Hence, photocatalytic oxidation reactions proceed also in the absence of molecular O2
and it is often suggested, that lattice oxygen atoms from the TiO> surface are involved in
the photocatalytic degradation processes. However, isotopic studies using Ti'®0, need to
be performed, in order to clearly prove this assumption. In the present work, it is proposed
that upon UV illumination and in the absence of molecular O acetaldehyde reacts with a
bridging oxygen atom from the TiO lattice forming acetate which is decomposed into
CO2 and CHa. According to Muggli et al.®° a reaction of acetate with lattice oxygen atoms
does not take place here, because lattice oxygen atoms are not required for the formation
CHs and COa.

To find out whether bridging oxygen atoms are indeed involved in the photocatalytic
degradation of gaseous acetaldehyde, Ti*®O, and the isotopologues Ti'®O, were treated
with acetaldehyde in the absence of molecular Oz upon UV illumination. As illustrated in
Figure 4.18, the surface structure of Ti!80; consists of bridging oxygen atoms 80y and
terminal oxygen atoms %0, with different masses in order to distinguish between both
oxygen species and to clearly evidence the incorporation of 80p2". The masses 46 m/z
and 44 m/z corresponding to C*80®0 and C*%0,, respectively, were constantly detected
at the reactor exit by MS. In case of bridging oxygen atoms being consumed for the
formation of acetate and eventually CO. the C*®00/C*®0; ratio of Ti*®0. should be
increased compared to the one of Ti*®O, upon UV illumination since Ti'®0; is the only
180 source. Figure 4.17 and Figure 4.19 show the C'®0, and C*0*®0 evolution of Ti**0;
and Ti'80,, respectively. When comparing the C*%0, and C*80*0 time evolution curves,
both appear to be similar with the difference that the C'®00 signal is two orders of
magnitude lower than the C0; signal resulting from the natural abundance of the
isotopologues C*0*®0 in C%0,. In the dark, both CO signals of Ti*®0, and Ti%0, are
constantly low because no CO:z is evolved. When the UV light is turned on the signals of
both Ti*0, and Ti!%0; increase strongly within the first 30 min upon illumination and
afterwards steadily decrease again. This trend is in accordance to the results obtained by
ATR-FTIR spectroscopy and by GC analysis. At the beginning O- is still adsorbed on the
TiO; surface, reacting with acetaldehyde yielding acetate, formate, and eventually CO..
As soon as all the adsorbed O. molecules have reacted, the formation of formate and CO>
decreases. When the UV light is turned off the CO. signals decrease again to the initial

value. Lee et al.28 and Muggli et al.®>-%" observed a similar evolution of CO,, when acetic
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acid and formic acid were decomposed over TiO> in the absence of molecular O,. Upon
UV illumination the CO. production quickly reached a maximum and subsequently

decreased.

The C800/C0; ratio was calculated for Tit®O and Ti'®O; in order to prove, whether
bridging oxygen atoms are involved in the formation of CO. during acetaldehyde
degradation (see Figure 4.20). In the dark, both samples exhibit a similar ratio of 0.45 %
resulting from the natural abundance of the isotopologues C*80*®0 in C'®0,. During the
first 30 min upon UV illumination, the ratio of Ti*®O, increases from 0.45 % to 0.56 %,
remains then constant for 1 h and decreases to 0.51% until the end of illumination time.
When the UV light is turned off again, the ratio decreases again to its initial value of
0.45 %. In contrast, the C'80*0/C®0; ratio of Ti'®O, remains constant in the dark and
upon UV illumination. The increase in the C'0*0/C!®0, ratio of Ti*®0, upon UV
illumination clearly proves an incorporation of bridging oxygen atoms into CO2 since
Ti'®0; is the only 80 source. Thus, the assumption of a reaction of acetaldehyde with
bridging oxygen atoms forming acetate has clearly been confirmed by these
isotopologues measurements. A schematic illustration of the reaction mechanism of
acetaldehyde on the TiO> surface in the absence of O is shown in Figure 5.8. Upon UV
illumination the holes are trapped as On~, which subsequently react with acetaldehyde
forming acetate that is further decomposed into CO2 and CHas. The remaining oxygen
vacancy is replenished by an oxygen atom supplied from adsorbed H®0, because upon
UV illumination the C0¥0/C¥®0; ratio of Ti'®O, decreases. The replenished °Op?
vacancy acts as new trapping site for a hole forming O, that again reacts with adsorbed
acetaldehyde forming acetate and eventually C0,. Hence, a decrease in the
C80¥0/C¥0; ratio is observed, because only a limited amount of 8Oy, is available for
the reaction with acetaldehyde. Schaub et al.®® confirmed the assumption of the
replenishment of the oxygen vacancy by water. These authors showed that oxygen
vacancies in the TiOz surface layer initiate the dissociation of H2O through a transfer of

one proton to a nearby oxygen atom, thus forming two hydroxyl groups per vacancy.
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Figure 5.8: Proposed reaction mechanism of acetaldehyde with a bridging oxygen atom from the TiO-
surface upon UV illumination and in the absence of O,. An adsorbed acetaldehyde molecule reacts with a
bridging oxygen atom from the TiO, surface forming acetate and subsequently CHs and CO,. The

remaining oxygen vacancy is replenished by an oxygen atom supplied from H,O. Reprinted from Ref.5

Montoya et al.>?7 also performed isotopic studies using Ti*80- in liquid phase. Upon UV
illumination benzene, benzaldehyde, and phenol were photocatalytically degraded over
Ti'®0, and Ti*®O, under anaerobic conditions. The corresponding C*®0*0/C0; ratios
of Ti'®0, and Ti'®0, during the photocatalytic degradation of benzene are illustrated

Figure 5.9.
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Figure 5.9: Time evolution of the C'®Q*0/C60, ratio during the photocatalytic degradation of benzene

over TiO,. Reprinted with permission from °,

Upon UV illumination the ratio of Ti'0, quickly increases from 0.62 % to a maximum
of 0.97 %, then asymptotically decreases to 0.66 % and after 85 min remains constant
until the end of illumination time. In the present work, a similar trend was observed,
because at the beginning of the illumination time the C*30®0/C*®0; ratio also increased
and afterwards steadily decreased until the end of illumination time. The *30 enrichment
in C0¥%0 clearly proofs an incorporation of bridging oxygen atoms into CO, since
Ti'80; contains the only 80 source. An *80 enrichment in C*®0¥0 over Tit®0, was also

observed during the degradation of phenol and benzaldehyde in the absence of O.. It was
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proposed that upon UV illumination the trapped holes Oy~ in Ti*80; react with the
adsorbed probe molecules resulting in an incorporation of the 8Oy into the oxidation
products yielding as final product C*30®0. The remaining oxygen vacancies are healed
by oxygen atoms supplied from H,'®O molecules. Thus, this mechanism also assumes
that the TiO2 surface is not chemically stable, but continuously experiences chemical and
electronic changes in the course of the reaction.

A further experiment that also evidences the involvement of lattice oxygen atoms in
photocatalytic reactions is the degradation of cyclohexane over 80-labelled TiOz in the
presence of 1°0,.%° While at the beginning upon UV illumination ¥0O-containing
cyclohexanone was observed as the major reaction product, it afterwards drastically
decreased because the oxygen vacancies were replenished by oxygen atoms supplied
from 10,. The %0 atoms of the newly filled vacancies reacted with cyclohexane forming
180-containing cyclohexanone. ¥0-containing products were also observed when toluene
and para-xylene were photocatalytically degraded over '0-labelled TiO2. Hence, these
studies show that the Mars-van Krevelen®® mechanism can also be applied in
photooxidation reactions at the liquid-solid interface (see section 2.5). However, when
performing investigations using 8O-labelled TiO, in the presence of %0, the
photoinduced oxygen exchange between lattice oxygen atoms from the TiO; surface and
molecular O should also be taken into account (see section 2.5).4"91:9 |n the present
study, the photocatalytic degradation of acetaldehyde using Ti*®0, was performed in the

absence of molecular O, thus a photoinduced oxygen exchange should not take place.

The number of 80y?" atoms incorporated in the evolved C*0 0 was calculated for
Ti'80, in order to figure out how many bridging oxygen atoms from the TiO surface are
involved in the photocatalytic degradation reaction of acetaldehyde in the absence of Oo.
For this purpose, the amount of C'®0, evolved during the degradation of acetaldehyde
was calculated in the time range between 1.7 h and 5 h yielding a value of 4.29 umol
C0,. A further integration in the same time range was performed for the C*8060/C60;
ratio of Ti'80, obtaining a value of 0.32 %. By combining these results the amount of
C80%%0 evolved during acetaldehyde degradation was calculated to be 0.014 pmol
C80'0. Finally, the number of incorporated ®0p?" species was calculated from the

amount of C*¥0*®0 and amounts to 8.16x10% TiO, oxygen atoms.
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Montoya et al.’® obtained a similar value of 9.33x10° bridging oxygen atoms, which
were incorporated into CO», during the degradation of benzene in an aqueous solution
over TiO2 under anaerobic conditions. During the POIE 4x10% oxygen atoms from the
TiO; surface were exchanged with molecular 02.% Hence, these results show that the
number of bridging oxygen atoms exchanged during the photocatalytic reaction process
is similar in liquid and in gas phase.
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6 Summary and conclusions

In the present study the effect of H.O and O on the adsorption and the photocatalytic
degradation of gaseous acetaldehyde over TiO2 has been investigated for the first time in
the dark and upon UV illumination at ambient temperature. In this regard, the surface
processes were monitored by means of in situ ATR-FTIR spectroscopy, while the gas
phase was analysed by GC/PID and MS. The results obtained were correlated with each
other, in order to gain a deeper understanding of the adsorption and degradation

mechanism of acetaldehyde on the TiO- surface.

ATR-FTIR spectra reveal an adsorption of acetaldehyde on the TiO, surface under dry
conditions in the dark. Hereby, the oxygen lone pair of the carbonyl group of acetaldehyde
interacts with Ti'V sites, because the v(C=0) of acetaldehyde shifts from 1761 cm™ in the
gas phase to lower wavenumbers of 1699 cm™.* In addition to the adsorption of
acetaldehyde, ATR-FTIR spectra show the formation of crotonaldehyde on the TiO-
surface. When two acetaldehyde molecules are adsorbed on the TiO; surface, a surface
catalyzed aldol condensation takes place forming crotonaldehyde and water (see Figure
6.1, left). The reaction is initiated by a bridging oxygen atom from the TiO> lattice
abstracting one proton from an a-carbon of an adsorbed acetaldehyde molecule. The
generated crotonaldehyde is also adsorbed through its oxygen lone pair on Ti'V sites,
because the v(C=0) of crotonaldehyde shifts from 1725 cm™ in the gas phase to
1650 cm™.%% Thus, crotonaldehyde and acetaldehyde compete for adsorption sites,
because they are both adsorbed at Ti'V sites. In this study, a continuous acetaldehyde gas
flow was directed over the TiO: surface leading to a desorption of crotonaldehyde
molecules from the TiO2 surface into the gas phase. The increased concentration of
crotonaldehyde in the gas phase was detected by MS. Crotonaldehyde molecules on the
TiO> surface were replaced by new acetaldehyde molecules, which again reacted via an
aldol condensation to crotonaldehyde. Hence, the acetaldehyde concentration detected at

the reactor outlet by GC/PID was constantly decreased.

A different trend was observed when a humidified acetaldehyde gas flow was directed
over a TiO> film. Herein, the acetaldehyde concentration detected at the reactor outlet
was shortly decreased and immediately increased to its initial value indicating that only
a minor amount of acetaldehyde was adsorbed on the TiO2 surface, because water
preferably interacts with the TiO> surface. The strong interaction between water and TiO>
even induced a desorption of already adsorbed acetaldehyde molecules from the TiO>
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surface when water vapor was inserted into the system. The ATR-FTIR bands
characteristic for acetaldehyde rapidly decreased within 5 min of dosing time evincing a
fast desorption from the TiO, surface into the gas phase, where an increase in the
concentration of acetaldehyde was observed by GC/PID. The reduced amount of
acetaldehyde molecules adsorbed on the TiO> surface in the presence of water vapor leads
to a lowering of the formation of crotonaldehyde, because acetaldehyde molecules are no

longer able to react with each other (see Figure 6.1).

Hence, the adsorption of acetaldehyde and the formation of crotonaldehyde are strongly
affected by the presence of water vapor. In contrast, molecular O does not show an
influence on the surface processes of acetaldehyde under dry conditions in the dark. In
the presence and absence of O, the ATR-FTIR spectra and GC/PID analyses reveal an
adsorption of acetaldehyde on the TiO surface, followed by a reaction to crotonaldehyde,
which is desorbed from the surface and is replaced by new acetaldenyde molecules that
again react to crotonaldehyde. The presence of molecular O. during the acetaldehyde
treatment does not affect the surface processes in the dark, because molecular O is
already strongly adsorbed on the TiO> surface at the beginning of both experiments and
does neither influence the aldol condensation nor the adsorption and desorption of

acetaldehyde and crotonaldehyde, respectively.

0
o HgCJ\H
Jk H,O
HsC~ “H o
q o K (l) Hac/\)l\H
ti _
o 2k P
\\] H,0 HO-{\ j *OH,
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Figure 6.1: Adsorption and surface catalyzed reactions of acetaldehyde on the TiO; surface under dry (left)

and humidified conditions (right) in the dark. Reprinted from Ref.%?

Upon UV illumination the ATR-FTIR spectra recorded in O, and N2 atmosphere reveal
a decrease in intensity of the bands characteristic for crotonaldehyde, while
simultaneously the concentration of crotonaldehyde in the gas phase detected at the

reactor outlet by MS increases. Hence, crotonaldehyde is desorbed from the TiO> surface
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6 Summary and conclusions

into the gas phase upon UV illumination. One possible mechanism is the photo-thermal-
desorption of crotonaldehyde from the TiO2 surface assuming that the thermal energy
released non-adiabatically by the recombination processes of photogenerated electrons
and holes leads to a desorption of crotonaldehyde molecules from the TiO2 surface.
Another possibility is, that the conversion to a super hydrophilic surface structure of TiO>
upon UV illumination induces a desorption of crotonaldehyde from the TiO> surface.

In addition to crotonaldehyde, acetaldehyde is also present on the TiO, surface. Upon UV
illumination molecular O affects the degradation mechanism of acetaldehyde on the TiO>
surface (see Figure 6.2). GC/PID results indicate a constant degradation of acetaldehyde
in the presence of O, while in the absence of O, an incomplete degradation of
acetaldehyde occurs. ATR-FTIR spectra reveal a degradation of acetaldehyde on the TiO-
surface forming acetate and formate in the presence of O.. In N2 atmosphere adsorbed O-
is still present on the TiO; surface at the beginning of the UV illumination reacting with
acetaldehyde into acetate, formate, and CO.. As soon as all adsorbed O2 molecules have
been consumed the formation of formate and CO> decreases, while acetate is still
observed on the TiO> surface. It is proposed here, that acetate is accumulated on the TiO>
surface and partly decomposes into CO2 and CHa, which were detected in the gas phase
by MS.

In the absence of O it is proposed that an adsorbed acetaldehyde molecule reacts with a
bridging oxygen atom from the TiO: lattice forming acetate which is subsequently
decomposed into CH4 and CO; (see Figure 6.2). Thus, the evolved CO; should contain a
bridging oxygen atom from the TiO: lattice incase bridging oxygen atoms are involved
in the photocatalytic degradation process of acetaldehyde. For proving this assumption
acetaldehyde was degraded over Ti'®0, (UV-100) and Ti!80; in the absence of O, and
the evolved C'®0; (44 m/z) and C*80*®0 (46 m/z) were constantly detected at the reactor
outlet by MS. The C*®0*0/C*0; ratio of Ti'®0, and Ti'®0O, was calculated in order to
determine whether bridging oxygen atoms are incorporated into CO2. Upon UV
illumination the C0¥*0/C*®0; ratio of Ti0, increased, which clearly proves an
incorporation of bridging oxygen atoms into CO, since Ti*®0; contains the only 20
source. In contrast, the C!*80%0/C0; ratio of Ti®0, remains constant in the dark and
upon UV illumination. It is therefore proposed here, that upon UV illumination holes are
trapped as 80y, which react with adsorbed acetaldehyde forming acetate that is further

decomposed into C'®0*0 and CHa. The remaining oxygen vacancy is replenished by an
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6 Summary and conclusions

oxygen atom supplied from adsorbed H20, because upon UV illumination the
C180¥0/C¥0; ratio of Ti'®0, decreases. The replenished 1°Op?" vacancy acts as new
trapping site for a hole forming %0y that again reacts with adsorbed acetaldehyde
forming acetate and eventually C*®0.. Thus, a decrease in the C80*0/C*®0; ratio is
observed, because only a limited amount of 80y is available for the reaction with
acetaldehyde. Hence, in this work it was shown for the first time that bridging oxygen
atoms from the TiO; lattice are involved in the photocatalytic degradation process of
gaseous acetaldehyde. Therefore, besides O, and H2O the involvement of lattice oxygen

atoms from the TiO; surface also need to be considered in photocatalytic reactions.

O
H3CJ\H
JE
CHs CHs H
C et ¢
0720 0=0 0=0
CH, + 0=C=0

Figure 6.2: Proposed reaction mechanism for the photocatalytic degradation of acetaldehyde over TiO; in

the presence and absence of O,. Reprinted from Ref.12
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