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Abstract

Water is one of the most important natural resources on Earth. Despite its abundant
resources, the water pollution is present due to ever-growing human population and
accompanying industrial development. Even though there are many ecological actions
targeted to preserve this precious natural resource, it is quite impossible to eliminate or
reduce water pollution completely. This is why there will always be a need for various
technologies for water purification either following industrial processes (wastewaters) or
even for conditioning of drinking water. This may be done by conventional available
treatment technologies; however they may be ineffective for removal of hazardous organic
compounds. This is why new advanced oxidation processes (AOP) are needed to eliminate
pollutants from wastewaters as well as from drinking water in order to improve the quality
of our life. In view of this, my R&D work within my thesis was focused on the use of
photoelectrocatalytic technology for degradation of hazardous organic pollutants. Within
my thesis, I have designed, assembled and characterized photoelectrocatalytic reactors with
an immobilized photocatalyst. The goal of my studies was to develop novel designs of
photoelectrocatalytic reactors and to investigate the influence of reactor design and
operational parameters on the efficiency of such systems.

The first part of my thesis was dedicated to the synthesis and characterization of active
photocatalyst in the form of ordered TiO, nanotubes arrays that were obtained by the
anodic oxidation process of various metallic titanium forms (coils, foil, mesh). The influence
of the anodization parameters and annealing conditions on the nanotubes’ morphology and
their photocatalytic activity was investigated. It was found out that the most
photocatalytically active TiO, nanotube arrays films (tested on caffeine degradation) were
obtained after anodization of metallic titanium forms at 60 V for 6 hours and after
subsequent annealing at 450 °C for 1 hour. The resulting polycrystalline TiO, nanotubes
had length of app. 40 ym, grain size of app. 5 to 10 nm and anatase crystal structure.

The second part of my thesis was focused on design and characterization of two types
of photoelectrocatalytic reactors, namely coil-type microreactor and foil-type reactor. The
photoelectrocatalytic activity of microreactors was investigated by measuring the
degradation of caffeine and phenol at different flow rates, UV light intensities, applied
external electrical potentials and supporting electrolyte conductivities. Four different
configurations of the photoanode and cathode were used. When an applied anodic bias
potential of 4 V was used in the most efficient microreactor configuration, 1 mL of the 40
mg L' caffeine was fully decomposed in 55 min. It was found out that the most influential
parameters contributing to the microreactor efficiency are the position and surface area of
cathode coils placed inside the microreactor adjacent to photocatalytically active anode
coils. Cathode coils enable the photoelectrocatalytic process, which is far more efficient
compared to only photocatalytic oxidation. The scaled-up version of the coil-type
microreactor was used for the photocatalytic, electrocatalytic and photoelectrocatalytic
degradation of phenol. The highest initial phenol concentration of app. 45.7 mg L' was
completely degraded at an applied potential of 16 V, a UV-light intensity of app. 2.8 mW
cm™, and a flow rate of 50 pL min™. In my study, the mechanisms of photocatalysis and
photoelectrocatalysis were proposed and validated with a three-dimensional mathematical
model describing the governing processes occurring during the microreactor’s operation.
Afterwards, a larger photoelectrocatalytic device, made of perforated anodized titanium
foils, was assembled. This reactor enabled degradation of organic compounds with larger
flow rates as compared to the coil-type microreactor.
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Povzetek

Voda je eden najpomembnej$ih naravnih virov na Zemlji. Ceprav je prisotna na nasem
planetu v izobilju, postaja onesnazenost vodnih virov eden glavnih ekoloskih problemov.
To je razlog, da bomo vedno potrebovali ustrezne tehnologije za ¢iscenje industrijskih in
komunalnih odpadnih vod kot tudi za pripravo pitne vode. Izkazalo se je, da obstojece
tehnologije velikokrat niso u¢inkovite pri odstranjevanju nevarnih organskih snovi, zaradi
Cesar je potreben tudi razvoj novih, t. i. naprednih oksidacijskih postopkov (AOP), ki so
sposobni v celoti odstraniti nevarne organske spojine. V iskanju novih in/ali izboljsanih
postopkov odstranjevanja organskih spojin iz vod sem se v okviru svojega doktorskega dela
osredotoc¢il na preiskave procesa fotoelektrokatalize in njegovo uporabo za razgradnjo
organskih onesnazil v vodnih medijih. V okviru svojega doktorskega dela sem tako
nacrtoval, sestavil in meril ucinkovitost fotoelektrokataliticnih reaktorjev s trdno vezanim
fotokatalizatorjem na osnovi nanocevk TiO.. Cilj mojih raziskav sta bila razvoj novih
fotoelektrokataliticnih reaktorjev in studij vpliva razlicnih izvedb reaktorjev in pogojev
obratovanja na ucinkovitost takih ¢istilnih naprav.

V prvem delu doktorske naloge sem se osredotoCil na sintezo in karakterizacijo
aktivnega fotokatalizatorja v obliki nanocevk TiO,, ki sem jih pridobil z anodno oksidacijo
razlicnih oblik kovinskega titana (navitje, folija, mreza). Preiskal sem vpliv parametrov
anodne oksidacije in pogojev zZganja na morfologijo nanocevk ter na njihovo fotokataliti¢no
aktivnost. Ugotovil sem, da so imele najboljso fotokataliticno aktivnost TiO2 nanocevke, ki
so bile sintetizirane z anodno oksidacijo 6 ur pri napetosti 60 V in ki so bile naknadno
termic¢no obdelane 1 uro pri 450 °C. Sintetizirane polikristalinicne TiO; nanocevke so bile
dolge priblizno 40 pm z velikostjo posameznih zrn v razponu od 5 do 10 nm. Rentgenska
praskovna difrakcija je potrdila, da so imele nanocevke TiO; anatazno kristalno strukturo.

V drugem delu doktorskega dela sem se posvetil na¢rtovanju in karakterizaciji dveh
izvedb fotoelektrokataliticnih reaktorjev: mikroreaktorja z navitji ter reaktorja s titanovimi
folijami. Fotoelektrokataliticno aktivnost mikroreaktorjev sem doloCeval z razgradnjo
kofeina in fenola pri razlicnih pretokih in prevodnostih raztopine, intenziteti UV svetlobe
ter prikljuceni elektriéni napetosti. V mikroreaktorju z eno aktivno fotoanodo sem uporabil
Stiri razliéne postavitve anode in katode. V najbolj fotokataliticno ucinkoviti izvedbi
mikroreaktorja je bil 1 ml 40 mg L™ kofeina po prikljucitvi pozitivne napetosti na anodo
popolnoma razgrajen v 55 minutah. Ugotovil sem, da na fotokataliticno aktivnost
mikroreaktorja najbolj odlocujoce vplivata polozaj in povrsina katodnih navitij. Vecjo
izvedbo mikroreaktorja z daljSimi aktivnimi navitji sem uporabil za fotokataliticno,
elektrokataliticno in fotoelektrokataliticno razgradnjo fenola. Najvecja zacetna
koncentracija raztopine fenola (priblizno 45,7 mg L7') je bila v celoti razgrajena pri
napetosti 16 V, intenziteti UV svetlobe 2,8 mW ¢m™ in pri pretoku 50 pL min™. V raziskavi
sem predlagal mehanizem fotokataliticne in fotoelektrokataliticne razgradnje fenola in ga
preveril s tridimenzionalnim matemati¢nim modelom, ki opisuje procese, ki se odvijajo med
delovanjem mikroreaktorja. Izdelal sem tudi vecji fotoelektrokataliticni reaktor, ki je
sestavljen iz luknjic¢astih titanovih folij. Ta reaktor omogoca razgradnjo organskih snovi
pri vecjih pretokih tekocega medija, kot so mozni v mikroreaktorjih z navitji.
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Chapter 1

Introduction

1.1 Photocatalytic Processes

1.1.1 Photocatalysis

Photocatalysis is an acceleration of a chemical reaction in the presence of a photocatalyst.
It is an advanced oxidation process (AOP) in which organic compounds can be degraded
during photocatalytic reaction down to their basic constituents, such as carbon dioxide and
water (Figure 1). The mineralization products of complex molecules, such as dyes, are also
innocuous inorganic ions (Cl, SO,*, NOs). Oxidation of organic contaminants occurs
through reactions with highly reactive species (primarily hydroxyl radicals OH"), which
are generated by illumination of a photocatalyst [1,2].

Figure 1: The photocatalytic reaction takes place at the surface of a photocatalyst where
organic compounds are degraded to carbon dioxide and water.

A photocatalyst is a semiconducting material which is activated by illumination with
light of sufficient energy. The most studied photocatalyst is titanium dioxide (TiO,) due
to its high reactivity, inertness, biocompatibility, chemical stability, low cost, and extended
use without substantial loss of photocatalytic activity [3]. Therefore, TiO, will be used to
describe the mechanism of heterogeneous photocatalysis which is a five-step process [4]:

1. Mass transfer of reactants to the photocatalyst surface
Adsorption of reactants on the photocatalyst surface
Photocatalytic reaction in the adsorbed state

Product desorption

Mass transfer of the products to the bulk fluid

A
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All the steps except step 3 are the same as in heterogeneous catalysis where the solid
catalyst is thermally activated. In the photocatalytic reaction (step 3) solid photocatalyst
is first activated by the absorption of photons of energy greater or equal to its band gap
(hv = Eg). Anatase TiO, has to be illuminated with light of wavelength of app. 390 nm or
lower which corresponds to its band gap energy of 3.2 eV. UV-light illumination excites
the electrons in the TiO, semiconductor, moving them from the valence to the conduction
band, which generates electron-hole pairs (Figure 2) [5,6].

Tio, 3 TiO,(egp + hiy) (1)

The electrons and holes are highly charged, and if they do not recombine, they initiate
reduction and oxidation reactions and degrade organic compounds.

E hv
i ,red
Ecb € COX
E
gl: ( red
Evb (0).¢

h+

Figure 2: Schematic of semiconductor excitation by band gap illumination leading to the
generation of electron-hole pairs which initiate reduction and oxidation reactions.

Holes can directly oxidize the organic compounds or react with water molecules to
produce hydroxyl radicals according to the reactions 2a and 2b. Both reactions may proceed
simultaneously: which mechanism dominates depends on the chemical and adsorption
properties of the pollutant [7,8].

h* + R — intermediates — CO, +H,0 (2a)

H,O+h" — OH*+H*

2b
OH* + R — intermediates — CO, +H,0 (2b)

On the other hand the generated electrons react with dissolved oxygen and in the end
facilitate the formation of hydroxyl radicals [7,8]. Dissolved oxygen, therefore, plays an
important role in preventing electron-hole recombination, which reduces the catalytic
capability of the catalyst [5].

Oy,+ e — 05 (3)
05~ + R — intermediates — CO, +H,0

05 +H,0 —-0OH + OOH*

OOH* +H" — OH* + OH~

OH  +h* — OH*®

OH*®* +R — intermediates — CO, +H,0

One dissolved O, molecule reacts with one electron, which allows for the existence of
one hole. In this way, one or two OH" can be produced [5,8].
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1.1.2 Photoelectrocatalysis and electrocatalysis

Electron-hole recombination is closely related to intrinsic (electronic) properties of a
photocatalytic material. The most efficient approach for its reduction is to attach the
photocatalyst to an electrically conductive support and connect it to external electric
potential. In this case, the photocatalytic and electrocatalytic processes are combined into
the photoelectrocatalytic process in which TiO, anode is paired with a cathodic material
inside the photoelectrocatalytic system (Figure 3a) [5,9-11].

H,0
ORGANIC SALTS
POLLUTANTS
CO,
E
Cmed
E, ox HO, Cl, HS,0,
Fe+3 A +2
Cred : &
E " (0).¢

h"—

Figure 3: Schematic presentation of the principle of the photoelectrocatalytic degradation
of organic pollutants. a) Photocatalytically active anode is connected to the positive electric
potential while the cathodic material is connected to the negative one. b) Electron-hole
pairs are formed at the anode from where electrons are forwarded to the cathode and holes
degrade contaminants at the anode surface with the help of additional radicals generated
by the electrochemical oxidation of different ions.

The electrocatalytic process reduces recombination of electron-hole pairs in two ways
as we can separate the electrons and the holes by connecting the photocatalyst to the
positive or negative side of the external bias potential. In the former case, the
photogenerated electrons are forwarded to the cathode, and the holes degrade the
contaminants at the contact of the electrolyte and the TiO> anode. When the photocatalyst
is connected to a negative bias potential, the reduction by the electrons plays a crucial role
at the semiconductor—electrolyte interface. In either case, with the application of an
electrical potential, further considerations have to be taken into account (Figure 3b). The
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photoelectrocatalytic process only works when the treated fluid is electrically conductive
which results in the formation of additional radicals that are generated at the anode surface
by the electrochemical oxidation of different ions. These oxidants can oxidize organic
compounds in bulk, while direct oxidation only takes place at the anode surface after the
adsorption of pollutants. This is also the case of OH* generated in the photocatalytic
process since OH* diffusion distance is in the range of a few nanometers. The reason is in
its short lifetime in the nanosecond range and its high reactivity. On the other hand, the
radicals, including OH", generated in the electrochemical process or even with photolysis
of different anions also react in the bulk of a solution. Another phenomenon taking place
in the electrocatalytic process is water splitting where water is split into O, and H, (reaction
4) if high enough electric potential is applied [5,9,10,12-17].

2 H,O(l) = O4(g) +4H " (aq) + 4e~ (4)

Beside the electrochemical oxidation of ions, electrocatalysis is also able to generate
hydroxyl radicals via the oxidation of water on the anode surface (Figure 4) [18].

H,O— OH*+ H" +e
OH* + R — intermediates — CO, +H,0

(5)

The four-electron oxidation to dioxygen mostly occurs well below the potential required
for the one-electron oxidation of water to OH* (4+2.74 V at pH=0). Therefore, hydroxyl
radicals are only formed when an electrode with high enough overpotential for oxygen
evolution is selected. In other case, oxygen production pathway predominates which is the
case of stoichiometric TiO.. At potentials where OH* does not yet form, a direct electron
transfer from the contaminant to the anode can take part. This mechanism of direct
oxidation (reaction 6) is important in case of degradation of compounds that are unreactive
towards OH" such as fluorinated organics [18-21].

R— (R )" +e (6)
| a) | . [ b) |
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Figure 4: Schematic presentation of the principle of the electrocatalytic degradation of
organic pollutants.

The most effective electrodes used in the electrochemical advanced oxidation process
are doped SnO, [22], PbO, [23], boron-doped diamond (BDD) [24,25], and sub-
stoichiometric and doped-TiO, [21]. The TiO, used as electrocatalyst differs from the one
used in photocatalysis as the electrical conductivity is of greater importance in the former
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case. Stoichiometric TiO; has a very low electrical conductivity that can be significantly
changed by creating oxygen deficiency in the lattice structure. These are most commonly
formed with annealing in reductive atmospheres or by doping with group five elements
[18].

1.2 Titanium Dioxide: Structure and Properties

TiO, is an oxide semiconductor that is not only used for photocatalytic water and air
treatment [26,27] but also in many other applications, ranging from dye-sensitized solar
cells (DSSCs) [28], water splitting [29], sensors [30], supercapacitors [31] and lithium-ion
batteries [32]. Since the photocatalytic reaction takes place on the surface, photocatalytic
applications require a nanocrystalline photocatalyst. Nanostructured semiconductors have
far larger surface areas than the same masses of larger-scale (bulk) materials. Thus, they
have a far greater number of active surface sites that possess photocatalytic activity [33].
Depending on the desired properties, TiO, can be used in various morphological forms,
such as nanoparticles [34], nanotubes [35,36], nanorods [37], nanowires [38,39], nanoleaves
[40], mesosponge layers [41] or as various combinations of these [42,43]. There are several
methods for producing nanostructured TiO,, among which anodic oxidation of titanium is
the most suitable for growing a rigidly attached TiO, nanotube arrays. These have
attracted a wide interest and can be used as an efficient photocatalyst inside a
photo(electro)catalytic reactor with the immobilized photocatalyst.

Titanium dioxide is an active photocatalyst when used in one of its crystallized forms.
The three major TiO, polymorphs are rutile, anatase and brookite (Figure 5). All three
forms of titania have six titanium atoms in their unit cell. Rutile and anatase structures
are tetragonal with the main difference in the elongated anatase unit cell. The atoms in
the rutile form occupy the least space, which makes rutile the most stable at all
temperatures [44]. In the case of nanosized titania, the rutile is thermodynamically the
most stable crystallographic modification at temperatures higher than 600 °C [45].

(A)
Figure 5: The structure of (A) anatase, (B) rutile and (C) brookite. White and red spheres
represent titanium and oxygen, respectively [46].

Chemical composition and crystal structure are only two parameters influencing the
photocatalytic activity of TiO,. The other important parameters characterizing TiO,



6 Chapter 1. Introduction

nanostructures and influencing their photocatalytic activity are crystallinity, size, and the
presence of dopants and impurities.

The exact crystallization temperature of TiO, nanotubes depends strongly on the
process used to synthesize the nanotubes as it influences the concentration of the lattice
and surface defects and the particle size. Crystallization of TiO; nanotubes grown by anodic
oxidation process starts at around 300 °C where the amorphous phase is transformed into
the anatase phase which has proven to be the most active photocatalyst [47]. However, it
is possible to directly grow partially crystalized titania nanotubes but even in this case
thermal annealing can significantly improve their crystallinity and therefore their
photocatalytic activity [48].

As explained before, the particle size determines the transformation temperature from
one TiO, crystal structure to another. When the particle size is sufficiently low, surface
free energy and surface stress determine the particle’s phase. It was determined that
anatase is the most stable for particles below app. 11 nm, whereas rutile is most stable at
sizes greater than app. 35 nm. Brookite is the most stable in the range between app. 11
and 35 nm [45,49-51]. Smaller particles exhibit better photoactivity since there are more
available active sites on their surface. However, an optimal particle size exists for maximum
photocatalytic activity as the smaller particle size also means more defects and lower
utilization of photons. The most suitable particle size is related to the average distance
between electron and hole in a material, which depends on its dielectric constant. In TiO,
anatase, it is app. 3-4 nm, while TiO, particles between app. 5 and 10 nm in diameter
exhibit the best photoactivity [50,52,53].

Electrical properties of TiO, depend strongly on its chemical composition. Amorphous
TiO, has poor electrical properties as the amorphous phase comprises of impurities,
dangling bonds and micro-voids which act as recombination centers [54]. Recombination of
electrons and holes also greatly influences the photocatalytic activity of crystalline TiO,
forms and has to be minimized in order to maximize the photoefficiency. It can be
suppressed by trapping the photogenerated electrons or the photogenerated holes [55]. By
trapping, the reductive power of electrons and oxidative power of holes are slightly lowered,
whereas recombination can be delayed as much as it is needed to allow the charge transfer
of electrons to molecular oxygen [56,57]. Trap states are energy states in the band gap of
nanostructured semiconductors and can have undesired effect if they are so-called “deep
trap states” [58]. The presence of such states far below the conduction band is detrimental
since they slow the electron transport and act as recombination centers. On the other hand,
shallow trap states 0.2-0.8 eV below the conduction or above the valence band enhance
electrical properties of TiO, since trapped charge carriers can be easily released to the
conduction or valence band by thermal excitation [59].

The band gap energy of undoped anatase is 3.2 eV, whereas rutile has a band gap of
3.0 eV. The band gap in TiO, is defined by Ti 3d states and O 2p energy levels. The former
are the lowest empty energy levels and thus represent the conduction band edge, while the
latter define the valence band. TiO. anatase has an indirect band gap, while TiO, rutile a
direct band gap (Figure 6). Indirect band gap of anatase exhibits lower recombination rate
of photogenerated electrons and holes since the direct transition of electrons from
conduction to the valence band of anatase is impossible. This is one of the reasons for its
higher photocatalytic activity compared to rutile. Besides, anatase has a larger band-gap
which means slower recombination of photogenerated electrons and holes. It also possesses
localized states within its band gap, where trapping of the electrons occurs leading to an
increase of their lifetime. Last but not least, the surface of anatase is usually highly
hydroxylated which means that oxygen and water molecules can adsorb on its surface and
initiate the photocatalytic reaction [45,49-51,59-61].



1.2 Titanium Dioxide: Structure and Properties 7

E E
band CB

conduction

CBM

AN Heat

0 k
(A) Anatase (B) Rutile

Figure 6: Comparison of the recombination of charge carriers in indirect band gap anatase
(a) and direct band gap rutile (b) TiO, [60].

TiO; band gap values are important also due to the fact that they determine the light
harvesting ability of the material. Therefore, anatase has to be illuminated with light of
wavelength 387 nm or less for the excitation of its valence-band electrons meaning it is
photocatalytically active when illuminated with UV-A light [62]. Since UV light represents
only app. 5% of the entire solar spectrum, modifying the band structure of titania can be
used to extend its wavelength range response to the visible region of electromagnetic
spectrum [63]. Upon excitation, electron and hole migrate to the TiO, surface where they
initiate reduction and oxidation reactions. TiO: donates electrons to reduce an electron
acceptor (usually molecular oxygen), while a donor species combines with a surface hole
and gets oxidized. The charge transfer to acceptor and donor species is possible if they
adsorb on the TiO, surface. If the charge transfer to adsorbed species does not occur, the
electron and hole recombine. Recombination of electrons and holes in nanosized TiO,
usually occurs on its surface, although volume recombination is also possible. Decreasing
the particle size reduces the volume recombination and increases surface recombination
[50,52,53].

TiO; is an n-type semiconductor which means that its electron density is higher than
the hole density. The reason for this is the tendency of TiO, for oxygen deficiency which
in practice means the formation of donor-type defects such as oxygen vacancies or titanium
interstitials [64]. Defects can be generated in the TiO, structure with annealing in the
reductive atmosphere (Ar, Hy) due to a partial oxygen loss leading to a reduction of Ti**
to Ti*" and vacancy generation [65]. TiO, is also sensitive to self-doping during annealing
in oxidizing conditions. The atmosphere during heat treatment is of great importance
regarding the conductivity of the nanotubes as Ti*' sites are responsible for their electronic
conductivity [66]. The resistivity of undoped anatase is in the range of 10*-10" 2 cm. The
resistivity of thermally reduced anatase is in the range of 107 Qcm [59,67]. Electrical
conductivity can be changed by introducing suitable intermediate states in the band gap
of TiOs which narrow it and allow absorption of photons of lower energy.

Another aspect influencing the photocatalytic activity of the titanium dioxide phases is
the type of crystalline planes exposed. The crystalline nanotubes produced by any synthetic
procedure followed by possible post-reaction annealing are mostly composed of small
polycrystalline crystal grains with exposed surface facets with different oxidative power
[68]. In general, crystals are grown in the direction that minimizes overall surface free
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energy. However, crystallites in the polycrystalline nanotube walls are mostly randomly
oriented [69]. Among the planes of anatase, surface free energy of the anatase [70] lattice
plane has been reported to be the smallest. Therefore, a truncated octahedral bipyramid
(Figure 7b) exposing eight {101} facets as well as two {001} facets is the most
thermodynamically stable shape of anatase crystallites [71,72]. Although oxidation of
organic compounds by holes and reduction of molecular oxygen by electrons are easily
promoted on {101} surface of anatase, less abundant {100} and {001} facets exhibit
considerably higher photocatalytic activity [73].

(001)

(A) (B) (C)
Figure 7: Scheme of anatase TiO, crystal facets: (A) a truncated octahedral shape, (B) the
most common truncated octahedral bipyramid and (C) cuboid shape [73].

Like anatase, rutile also has its main crystal facets. The {110} family has much lower
surface energy than other facets and is, therefore, the most important for practical
polycrystalline materials [74]. This is the crystal facet with most reduction sites on the
rutile particles, whereas oxidation sites are mainly on the {011} facets [75]. Rutile particles
exhibit effective separation of oxidation and reduction sites due to the difference in the
surface energy levels of the conduction and valence bands for {110} facets and {011} crystal
facets. This separation of electrons and holes enables highly efficient photocatalytic
reactions that require band bending in TiO,. Such reaction is water oxidation. The band
bending in case of oxidation of reactive compounds like alcohols is not necessary [76].

1.3 Synthesis of TiO: by Anodic Oxidation

Electrochemical anodization of titanium enables synthesis of a well-ordered and vertically-
aligned TiOs-nanotube arrays on the titanium substrate. It is a relatively simple and cheap
process that provides a high degree of control over the surface morphology and other
parameters of the tubular TiO, array. In the self-organized growth, each individual TiO,
nanotube is perpendicular to the titanium surface, and the TiO, array is tightly bound to
the titanium substrate. Due to this strong adhesion high photocatalytic activity of the TiO
is obtained due to improved electron transport and reduced charge recombination [77-81].

Despite the high photocatalytic activity of the TiO; nanotube arrays, there are different
methods for their modification. These methods are primarily focused on increasing the TiO.
surface area, reducing the rate of the recombination of electrons and holes or extending the
wavelength range response of TiO, to the visible region. Two of the most investigated
methods include modification with noble metals [82-84] and modification with transition
metal [85,86] which both enable TiO; to be active in the energy range of visible light and
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to lower the rate of recombination of electrons and holes [87]. One way to obtain doped
TiO, nanotube arrays is to anodize noble metal-containing titanium alloys [88]. However,
in some cases, the photocatalytic activity of TiO, modified with noble metals is reduced
because the noble metals become recombination centers if the accumulated negative
charges are not consumed or further transferred out of the metal particles [89]. To solve
this problem, the external electric field has to be applied, which is beneficial also in the
case of pure TiO, since the photoelectrochemical process is more efficient than the single
application of electrochemical oxidation or photocatalytic degradation [90]. The fact that
TiO, nanotubes are grown inside the electrically conductive metal titanium makes the
anodic oxidation process even more preferable when growing TiO, nanotubes for
photoelectrocatalytic applications. Titanium support is ideal for connecting the external
electric potential to the TiO, anode.

1.3.1 Formation and growth of titanium dioxide during anodic
oxidation

The TiO, array is grown when either a constant current or a constant potential is applied
across two electrodes immersed in an electrolytic solution in an electrochemical cell (Figure
8). To form TiO,, the anode has to be any form of metal titanium (e.g. foil, wire, mesh,
rod, etc.) as oxidation only occurs at the anode. The cathode is usually platinum but also
other inert conductive materials such as stainless steel can also be used [91].

+

Figure 8: Schematic set-up for anodic oxidation.

TiO; nanotubes morphology depends strongly on the anodization conditions. The most
important anodization parameters are applied potential, time of anodization and the
composition and the temperature of the electrolyte. If there are no fluoride ions present in

the electrolyte, the resulting solid oxide layer is compact instead of nanotubular (Figure 9)
[91].
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Figure 9: Depending on the anodization conditions (mainly electrolyte composition), the
resulting oxide layer can be either compact or nanotubular [91].

Up to now, three generations of fluoride containing electrolytes have been employed for
anodization of titanium to fabricate TiO, nanotube arrays. The first generation of the
electrolyte is based on the dilute hydrofluoric acid (HF) aqueous solution. Because of the
high rate of chemical dissolution of TiO, by fluorine ions, the thickness of TiO, nanotube
arrays is limited to several hundred nanometers [92]. The second generation of electrolyte
overcame this problem by controlling the pH gradient within the growing nanotube [93].
The third generation of electrolyte consists of fluoride and a viscous organic electrolyte
such as ethylene glycol (EG) or glycerol. The most common are NH,F-water-EG
electrolytes that enable the production of ultrahigh aspect ratio TiO, nanotubes (Figure
10) [94].

| il

Figure 10: SEM image of ordered TiO; nanotubes grown by anodic oxidation showing large

aspect ratio [95].

Anodization of titanium is usually carried out by applying a constant voltage. The
growth of the TiO, compact or nanotubular layer is a result of three simultaneous processes
schematically presented in Figure 11 [91].
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Figure 11: Schematic representation of titanium anodization in electrolyte without fluoride
(A) and fluoride containing electrolyte (B) [91].

Oxidation of titanium to TiO,
Ti+2H,0 — TiO, + 4H* + 4e™ (7)
competes with chemical dissolution of the TiO, according to reaction (8)
TiOy + 6F~ — [TiFg)*~ (8)
Third reaction is complexation of titanium cations at the oxide/electrolyte interface
Ti*™ +6F~ — [TiF,]*~ 9)

In reaction (7) titanium reacts with O* from H»O to form an oxide layer. Oxide grows to
a finite thickness due to applied voltage which aids the transport of O* and Ti'" ions
through the growing oxide. If titanium cations are not consumed in a complexation reaction
(9), a hydroxide layer forms in most electrolytes (Figure 11a). On the other hand, the
presence of fluoride ions changes the oxide formation process due to two effects of the
fluoride ion. Firstly, it forms water-soluble [TiFg]>~ complexes according to reaction (8)
and secondly it can be transported through the growing oxide by the applied electrical
field. As shown in Figure 1la it competes with O* transport, etches formed TiO, and
prevents hydroxide formation by solvatizing Ti** to [TiFg]>~ (9) before the cations react
to precipitate hydroxide layer [91].

The growth of TiO, can be monitored by recording the current time characteristics,
which is different in case of fluoride containing electrolytes and electrolytes without
fluoride. In the latter case the anodic current drops exponentially with time as shown with
continuous line in Figure 12 due to the lowering of the driving force with increasing film
thickness. In case of electrolyte containing fluorides three phases in the current time
behavior can be observed (dashed line in Figure 12). After an initial exponential decay
(phase I), the current increases (phase II) and afterwards reaches a quasi-steady state
(phase IIT) [91]. The final film thickness is given by

d=f-U (10)
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where f is a growth factor of the oxide [59].

N

compact oxide

>

t
Figure 12: Current-time (j-t) characteristics for constant voltage anodic oxidation in the
absence (- -) and presence (—) of fluoride ions in the electrolyte [91].

As schematically shown in Figure 13 the three phases in the pore formation
process correspond to barrier oxide formation (phase I), random growth of the pores
(phase II) and establishment of self-ordering (phase III). In the latter phase pores
equally share the available current [91].
self-organized

compact initial porous
nanotube layer

compact TiO, layer layer structure
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11 Ti L1 Ti

Figure 13: Evolution of TiO, nanotubes is a result of three different stages in the pore
formation process [91].

The resulting TiO, arrays obtained by anodic oxidation are amorphous and have to be
annealed to transform the amorphous phase into anatase TiO,. Although anatase shows
better photocatalytic activity than rutile, it is very unlikely to obtain only anatase after
annealing since even at relatively low annealing temperatures (app. 400 °C) the phase
transformation from anatase to rutile occurs at the nanotube/titanium interface [80,96].
The phase composition of annealed titania nanotubes produced by anodic oxidation process
supports the theory of anatase being more stable than rutile at small crystallite sizes. After
heat-treatment at 450 °C, the nanotubes wall is composed of anatase, while the barrier
layer is composed of rutile. The reason is that the nanotube wall thickness usually limits
the initial anatase crystals size and suppresses their transformation to rutile. Since the
barrier layer expands over the entire surface of the substrate, rutile transformation takes
place already at 450 °C. The rutile phase formed has a preferred crystallographic
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orientation that is influenced by titanium substrate. The thickness of the barrier layer
increases with increasing annealing time [97].

1.3.2 Anodization parameters influencing the photocatalytic activity

There are many parameters that influence the photocatalytic activity of TiO.. However
the most important for photocatalytic applications is the morphology of TiO,, i.e. the size
of TiO, particles. Surface activity and reactivity are size-dependent properties because the
specific surface area and surface-to-volume ratio increase as a size of material decreases.

The morphology of nanotubes grown by anodic oxidation process can be precisely
controlled by changing the experimental conditions. Anodization voltage influences the
nanotubes’ growth rate, crystallinity, and length. The length increases with anodization
time and also depends on the type of electrolyte we use. In order to grow the longer
nanotubes, a nonaqueous electrolyte has to be chosen [48,94,98]. Longer tubes increase the
photocatalytic degradation rate of organics up to a certain limit influenced by the
penetration depth of light. An increase in anodizing voltage or an increase of water
concentration increases the outer and inner nanotube pore diameter. However, the
nanotube diameter and wall thickness are independent of anodization time, although with
prolonged time the upper part of the nanotubes possesses thinner wall than their bottom
part [63,91,99,100]. The surface roughness of the tube walls influences the electron diffusion
length and therefore the photocatalytic activity. Rough tube walls formed in aqueous
electrolytes lead to electron diffusion length of 1-2 pm, while electron diffusion length in
tubes grown in organic electrolytes is in the range of 25 pm [59]. The latter number is much
higher than for comparable nanoparticle layers because of lower surface recombination in
the case of nanotubes. It has to be noted that the hole diffusion length in TiO, is much
shorter (app. 10 nm) which means electron-hole pairs have to be generated very near the
nanotube wall/electrolyte interface [63].

The morphology of the TiO, nanotube arrays is also influenced by the annealing process,
in particular the heating rate. It was reported that a slow heating rate of app. 1 °C/s leads
to tube separation into the inner and outer shell of the tube. In the case of the moderate
heating rate the nanotube walls entirely consist of crystallites with diameters in the range
of the tube wall thickness. There is no double wall. A more rapid heating rate of app. 50
°C/s or more results in slightly disordered morphology as some crystallites of the nanotube
walls peel off and remain as flakes within the pores [69].

1.4 Photo(electro)catalytic Reactors

Photocatalytic and photoelectrocatalytic reactors are well-studied devices mostly used for
removal of the organic compounds present in water and air. The difference between the
two reactor types is in their components and operation. Photocatalytic reactors only require
a UV light source and a nano-sized photocatalyst, whereas photoelectrocatalytic reactors
comprise additional electrodes that serve as cathodes. Both reactor types can be operated
in batch condition [101] or used as continuous flow reactors [102]. During operation, an
external electric potential is applied to the electrodes inside the photoelectrocatalytic
reactor.

Since it is much easier to design a photocatalytic reactor, many different photocatalytic
reactor designs have been developed in comparison to the photoelectrocatalytic reactor.
However, photoelectrocatalytic reactors are more effective and show more promise for large-
scale industrial application.

The most important topics to consider in order to enhance the performance of the
photo(electro)catalytic reactors are the nature of the photocatalyst and the design of the
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photo(electro)catalytic device. The latter will be described in detail in the following section.
Other factors affecting the degradation performance which are not directly related to
photo(electro)catalytic reactor design are concentration and nature of pollutants, dissolved
oxygen concentration, pH of the solution, inorganic ions present in the solution, reaction
temperature and catalyst loading (concentration of TiO, particles). The understanding
about their influence on the photo(electro)catalytic process is essential for designing an
efficient reactor [7].

Concentration and nature of the pollutants influence the reaction rate in many different
aspects. An optimum dosage exists of each organic compound being treated so that its
degradation rate is maximized. The optimum concentration depends on many factors,
among which photo(electro)catalytic reactor design is one of the most important. Too high
concentration of pollutants saturates the TiO, surface and reduces its catalytic activity.
Another issue to consider when oxidizing organic compounds inside a
photo(electro)catalytic reactor is the chemical composition of intermediate products.
Identification and monitoring of possible intermediate products are therefore crucial for the
understanding of the mechanism of the photo(electro)catalytic oxidation of different
pollutants [103,104].

Dissolved oxygen concentration plays a crucial role in photocatalytic reactions since it
reacts with photogenerated electrons preventing their recombination with holes. Therefore,
it is necessary for mineralization of organic compounds. On the contrary, in the
photoelectrocatalytic process, electrons are forwarded to the cathode, which efficiently
prevents recombination even if there is no dissolved oxygen [5].

The pH of the solution changes the surface charge state of a photocatalyst and affects
its valence and conduction band edges. It was observed that valence and conduction band
edges of TiO, shift by 0.059 eV per unit pH which affects the efficiency of electrons and
holes. The lower pH value results in higher valence band energy and therefore higher
oxidation power of TiO,. Nevertheless, the reaction rate can decrease due to excess HY
concentration at low pH, which was observed in case of degradation of an azo dye. The
surface charge of a photocatalyst also affects its efficiency as it significantly changes the
adsorption-desorption properties of its surface. Titania surface charge is neutral when the
solution pH is app. 6.3. It is positive when the pH is lower than the point of zero charge
and negative when it is higher. The pH has to be tuned appropriately in order to maximize
the degradation efficiency [105-108].

Inorganic ions that are usually present in wastewater affect the photocatalytic
degradation rate as they adsorb on the TiO, surface. Most anions and cations inhibit the
activity of the photocatalyst by fouling the TiO, surface and/or scavenging the hole and
the hydroxyl radicals. However, the presence of inorganic ions is mandatory for efficient
photoelectrocatalytic reaction [109,110].

Reaction temperature does not influence the reaction rate significantly in the range
between 20 and 80 °C. The photocatalyst reactivity is reduced above 80 °C because of
increased charge carrier recombination and decreased adsorption of reactants on the titania
surface. Adsorption of the final products inhibits the reaction at temperatures below 20 °C,
where activation energy is also increased [111].

Catalyst loading is directly related to its surface area and therefore has a very important
effect on the degradation of the pollutants. Both degradation and mineralization rates
increase with the increase in the photocatalyst surface area. This is particularly true in the
case of the immobilized photocatalyst, whereas reduced light penetration in the case of
suspended photocatalyst limits the reaction rates above certain catalyst concentrations
[103].

All the above-mentioned parameters and other parameters influencing the
photocatalytic activity can be represented by quantum yield (QY). It is defined as the
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ratio of the reaction rate r (molecules converted per second) and efficient photonic flux
absorbed by the photocatalyst ¢ (in photons per second):

(QY) = - (11)

Quantum yield is also called quantum efficiency and is often used to describe the efficiency
of light utilization in photocatalytic systems. Its maximum value is obtained at a maximum
coverage of reactants (high enough concentration of reactants) and is usually below 0.1 to
5 %. The quantum efficiency can be improved by the application of external bias potential
which reduces recombination of electrons and holes and therefore increases the catalytic
activity and quantum efficiency. During the photoelectrocatalytic process, additional
energy needed to apply the external electrical potential is consumed. However, this energy
consumption is negligible compared to the energy consumption needed to power the UV-
lights [5,111-115].

1.4.1 Types of photo(electro)catalytic reactors

The aim of reactor design is to degrade as much pollutants as possible, while consuming
the least amount of energy. During years of research, a number of different types of reactors
have been developed and used in research and pilot plant studies. Examples of these
photoreactors include rotating disk photocatalytic reactor (RDPR) [115], thin film fixed
bed reactor (TFFBR) [116], double skin sheet reactor (DSSR) [117], swirl-flow reactor
[118], compact reactor [119] and parabolic trough reactor (PTR) [117]. Most of them are
large-scale reactors that can operate at relatively high flow rates. However, the listed
reactor types do not just differ on the reactor design, but also on the deployed state of the
photocatalyst that can be suspended or attached. This is a basic classification of
photocatalytic reactors.

Slurry reactors have suspended photocatalytic nanoparticles, whereas photocatalytic
reactors with immobilized photocatalysts have the catalyst attached to support via physical
surface forces or chemical bonds [7]. Slurry reactors provide a high surface area of
photocatalyst per unit volume and therefore exhibit larger photocatalytic activity
compared to immobilized photocatalyst reactors. However, the most important advantage
of the latter reactor types is that they do not require catalyst recovery. The photocatalyst
can be used continuously. The use of the filtration systems increases the cost of the
treatment process in slurry reactors, where the penetration depth of the UV light is
decreasing due to its absorption by the suspended TiO. particles. The problem associated
with immobilized photocatalytic reactors is that the diffusion of organic compounds to the
photocatalyst surface is slow when the organic compounds concentration is low [120]. The
exposed TiO, surface area in photocatalytic reactors with immobilized photocatalyst is
limited and mostly leads to mass-transfer limitations. These can be solved by the use of a
photocatalytic microreactor, which possesses a high photocatalytic surface-to-volume ratio.
As reaction rates strongly depend on the illuminated surface area of the photocatalyst, the
high surface-to-volume ratio is a very important property and may also compensate for the
loss of surface area resulting from the use of an immobilized catalyst. Other advantages of
microreactor technology include reduced cost, enhanced safety and the possibility for their
optimization for a particular function in a research laboratory [80,121,122]. Most
experimental work on aqueous systems has been performed using the suspended
photocatalyst, whereas most work for treating gases has been done with immobilized
catalysts. In a waste treatment application, it would be simpler if the photocatalyst was
immobilized in the photo reactor so the photocatalytic material would not have to be
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separated from the treated fluid in a subsequent process step. Another great advantage of
catalyst immobilization is to increase catalyst durability. [123].

Photo(electro)catalytic reactors with immobilized photocatalyst can differ from one
another on the technique used to deposit TiO, photocatalyst on the substrate. The most
commonly used techniques are anodic oxidation of metal titanium, sol-gel method, dip
coating, spin coating, chemical vapour deposition (CVD), sputtering and electrophoretic
deposition. Most of these techniques require sintering at temperatures above 400 °C to
achieve the TiO, film adhesion. Thermal treatment by itself can also be used to form a
TiO; film on the surface of metal titanium. The thickness of such film is small, which is
not the case in anodic oxidation process where thickness can be controlled with anodization
parameters. One of the most important properties of as-grown amorphous TiO, film grown
by anodic oxidation process is its strong adhesion to titanium substrate which is further
improved after the thermal treatment. Crystallization of TiO, nanotubes is needed for their
photocatalytic applications. When TiO; nanotubes grown by anodic oxidation process are
used for photoelectrocatalytic degradation, their good adhesion to the electrically
conductive substrate is even more important. On the other hand, metal titanium is opaque
which limits the options of UV light illumination to back-side illumination. When a
photocatalyst is immobilized on a transparent substrate, such as glass, fused silica or glass
fibers, it can be illuminated from both sides.

1.4.2 TIllumination of a photocatalyst in a photo(electro)catalytic

reactor

[lumination of the photocatalyst inside photo(electro)catalytic reactors can be achieved
by artificial (lamps) or natural (Sun) sources of light. Lamps can be immersed into the
fluid (internal illumination) or placed outside the reactor (external illumination). Solar
radiated reactors that use natural illumination source can only be irradiated from outside.
Their use is limited due to the large band gap energy of TiO, nanostructures [124,125].
However, unless using sunlight, the light source will tend to be the most costly component
of any photocatalytic reactor [126]. This problem can be partly diminished by modification
of the band gap of nanocrystalline titanium dioxide [127] or by the use of reflectors to
concentrate sunlight so that it can enhance photoreaction [128].

Efficient exposure of the photocatalyst to irradiation is one of the most important
parameters when designing a photocatalytic reactor. Ideally, light directly illuminates the
photocatalyst surface, as a tilted light source creates a shadow which reduces the light
intensity and efficiency of the reactor. Other parameters that need to be optimized in a
large-scale reactor are to ensure the contact between illuminated catalyst and water and
to overcome the mixing and mass transfer limitations of a reactor. When designing a
photoelectrocatalytic reactor, the position and surface area of cathodes placed inside the
reactor beside photocatalytically active anodes also has to be considered and studied in
order to design a photoelectrocatalytic reactor with optimal efficiency [9,129,130].

1.5 Degradation of Organic Pollutants by
Photo(electro)catalysis

The heterogeneous photocatalysis has been implemented in various applications: from
water and air treatment [131,132] to the synthesis of different organic molecules [133] and
determination of chemical oxygen demand (COD) [132]. During water and air treatment,
many different pollutants have to be removed including organic and inorganic compounds
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[134,135], bacteria and viruses [136], and trace metals (mercury, chromium, lead) [137]
which are all at least partially susceptible to photocatalytic degradation or elimination.
However, photo(electro)catalysis is mostly used for the degradation of organic pollutants
[1,138].

The degradation of organic pollutants present in industrial wastewaters is of critical
importance and cannot always be achieved only with a biological treatment.
Photo(electro)catalytic degradation is especially suitable for the degradation of the
potentially harmful organic compounds in low quantities that are the most difficult to
degrade with a biological treatment. These are emerging contaminants which can be
naturally produced compounds like cyanotoxins and taste and odor compounds, or man-
made compounds such as antibiotics, insecticides, and organochlorinated compounds.
Organic contaminants of emerging concern are usually present in waters long after the
biological treatment as such treatment plants are usually insufficiently equipped for their
treatment [139].

Before a photo(electro)catalytic reactor can be used for industrial water purification, it
has to be first extensively studied for the degradation of model organic compounds. The
most widely used include phenol and chlorophenols [140], azo dyes [81], and
pharmaceuticals [141].

Phenol is one of the important organic pollutants that can accumulate in the
environment and which poses health problems to living organisms [142,143|. Phenols are
found in the effluents of oil refineries, production of pesticides and herbicides, dyes and
textiles, pharmaceuticals, pulp and paper, plastics, and detergents [18]. The main sources
of azo dyes are textile dyeing and paper printing. They are the largest class of synthetic
dyes and are non-biodegradable, but are toxic and potentially carcinogenic [108,144].
Pharmaceuticals are released into the environment through different sources such as
individuals, pets, disposal of outdated medications, industrial waste streams and more.
Their presence is still unregulated, or they are undergoing a regularization process. Since
they are persistent against biological degradation, alternative water treatment technologies
will have to be applied. They can be successfully degraded with photo(electro)catalytic
process [145-148].

Oxidation of organics follows different reaction pathways that depend on the active
oxidative species and the treatment process. Since oxidative reactions on TiO, surface
mainly occur via OH-®, its reaction pathways with organic compounds are the most
important. In general, OH" mostly react via electrophilic addition and hydrogen atom
abstraction. The fastest reaction pathway is hydroxyl radical addition [139].

If simplified, organic compounds of a general chemical structure CiH;O, are mineralized
in a photocatalytic reaction in accordance with reaction 12. The number of electrons (and
holes) in each mineralization process is equal to 4x + y — 2z [149,150].

C,H,0, + (x + % - g) 0, — intemediates — xCO, + % H,0 (12)
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Chapter 2

Aims and Hypothesis

The aim of my doctoral thesis was to develop and characterize novel continuous flow
photo(electro)catalytic reactors with the immobilized photocatalyst. Since most of the
reactors described in literature utilize only photocatalytic technology, my main focus was
to develop new reactors that can operate in a photocatalytic and/or photoelectrocatalytic
mode. My main work hypothesis was that photoelectrocatalysis is more efficient compared
to photocatalysis in degradation of organic pollutants/compounds due to the imposed
external electric field that determines/influences the recombination rate of electrons at the
active surface of the photocatalyst. Additionally, I expected that optimization of the
catalytic properties of the anode, changing the cathode materials, and varying the position
and surface ratios between both electrodes will provide new results which will be important
for the entire photo(electro)catalysis field. 1 tackled the main problems of
photoelectrocatalytic reactors in a new way and therefore I expected to get original results.
This is why the emphasis of my R&D work was targeted on the systematic investigation
of both active components of the photoelectrocatalytic reactor as both, the anode and the
cathode, are crucial for its high efficiency. In order to achieve a high degradation rate of
the organic pollutants in water, it is also mandatory to select a photocatalyst with
good /improved photocatalytic properties which is rigidly attached to support. Due to this
reason, the preferred choice of the photocatalyst synthesis in my work was anodic oxidation
of metal titanium. This process can be used to grow a highly photocatalytically active
polycrystalline titania nanotubes rigidly attached to different titanium forms (foil, mesh,
wire, etc.). Since anodic oxidation of each titanium form requires unique design of the
anodization cell, my aim was to design such anodization cells that would fulfill two
important goals. The first goal is to ensure optimum anodization process in order to grow
the most photocatalytically active titania nanotubes, which were characterized regarding
their photocatalytic activity, structure, chemical composition and morphology. The second
goal is to enable subsequent growth of the high photocatalytic film on different titanium
shapes that are incorporated into a photo(electro)catalytic reactor after annealing at the
most appropriate temperature. As the photoelectrocatalytic reactor is made of
photocatalytically active anode and many possible cathode materials, my goal was also to
determine the most suitable cathode material and the ratio and relative position of the
cathode and anode.

Furthermore, I aimed to test the efficiency of the developed photo(electro)catalytic
reactors with high photocatalytic surface-to-volume ratios for photocatalytic,
electrocatalytic and photoelectrocatalytic oxidation of selected model organic compounds.
I planned to determine the most appropriate operational parameters to achieve the highest
degradation rates. The main challenge was to understand the processes that govern efficient
catalytic degradation of organic compounds at the surface of the active photocatalytic
material. For this reason, part of my PhD work also included identification of intermediate
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products and determination of their degradation kinetics. I aimed to propose and validate
the mechanisms of photocatalysis compared to photoelectrocatalysis in order to understand
critical parameters that influence the efficiency of photocatalytic and photoelectrocatalytic
degradation of organic compounds. Only then, an efficient photo(electro)catalytic reactor
can be readily designed and tested.
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Chapter 3
Experimental Procedures

Experimental procedures include anodic oxidation of metal titanium in different forms,
chemical and morphological characterization of the photocatalyst, measurements of its
photocatalytic properties, design and assembly of the photo(electro)catalytic reactors,
measurements of the model organic compounds degradation with various analytic
techniques and determination of the degradation mechanisms.

The most suitable anodization potential and time to grow the most photocatalytically
active TiO; nanotube arrays on titanium foils were first determined. Before measuring their
photocatalytic activity, the TiO, films were annealed at different temperatures for a
different time. I measured the photocatalytic activity of the annealed TiO, nanotubes with
degradation of caffeine in a batch type measuring system.

Photocatalytic properties of rigidly attached TiO, nanotubes were monitored by
decomposition of different model substances. Caffeine was used in preliminary experiments
to determine the most appropriate anodization and annealing conditions. After a coil-type
continuous flow photo(electro)catalytic microreactor was assembled its efficiency for the
degradation of caffeine and phenol was studied. The concentration of caffeine was
determined by the UV/VIS spectrophotometry, whereas a high-performance liquid
chromatography apparatus (HPLC) was used to determine the concentration of phenol and
its intermediate products that formed during phenol oxidation. The photocatalytic,
electrocatalytic and photoelectrocatalytic activities of the assembled microreactor were
measured systematically while changing the main parameters that affect the device’s
efficiency.

The mechanisms of photocatalytic and photoelectrocatalytic degradation of phenol were
proposed and validated with a mathematical model, which describes the governing
processes occurring during the microreactor’s operation.

Morphological changes during individual experiments were monitored by scanning
electron microscope (SEM) with accompanying spectroscopic technique EDXS. X-ray
diffraction (XRD) was used to determine the crystal structure of TiO; samples.

3.1 Anodic Oxidation of Titanium

Anodic oxidation of titanium foil, titanium coil and perforated titanium foil was used to
grow highly ordered TiO, nanotube arrays. Each titanium form was anodized in a different
anodization set-up that enabled anodization of a well-defined surface area of the titanium
form. In the case of titanium foil, the anodized surface area was determined by the use of
rubber o-ring, whereas titanium coil and perforated titanium foil required some non-
anodized part for the electrical contact in case of photoelectrocatalytic and electrocatalytic
experiments.
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Before the anodization of any titanium metal form, its surface was ultrasonically cleaned
in acetone and ethanol. Every anodization was carried out at room temperature which was
maintained by cooling of the anodization electrolyte when larger surface areas were
anodized.

Titanium foil was used to determine the most appropriate anodization potential and
time and annealing temperature and time for the growth of the most photocatalytically
active TiO, nanotube arrays. Titanium coils of different lengths were made of titanium
wire and afterwards anodized and annealed. They were placed inside a coil-type
photo(electro)catalytic microreactor of different sizes that were used to degrade model
degradation compounds. Perforated titanium foil was wused in a larger-scale
photo(electro)catalytic reactor.

3.1.1 Anodization setup and electrolyte composition

All the titanium metal forms were subjected to potentiostatic anodization in a two-
electrode electrochemical cell using a platinum or stainless steel counter electrode. The
anodization voltage was kept constant using a DC power supply (Toellner). The
anodization setup for anodizing titanium foils is schematically presented in Figure 14a,
while the schematic of anodization setup for anodization of titanium coils is shown in
Figure 14b.

Anodization electrolyte composition was the same for all the titanium forms. The
viscous organic electrolyte was prepared by dissolving 0.3 wt.% of ammonium fluoride
(NH,F, Kemika d.d., Zagreb, Croatia or 99.99%, Sigma-Aldrich) in ethylene glycol (99.5%,
Carlo Erba Reagents, Val de Reuil, France) with the addition of 2 vol.% of distilled water.
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Figure 14: Schematic presentation of anodization setup for anodic oxidation of titanium
foils (A) and titanium coils (B).

3.1.2 Anodization of titanium foil

Titanium foils (125 pm thick, 99.6+%, Advent Research Materials Ltd.) were anodized at
60 V or 120 V for a different anodization time (from 1 minute to 3 hours) to study the
influence of the two most important anodization parameters. After the anodization, the
foils were annealed in air for different times (from 30 minutes to 3 hours) at different
temperatures (from 400 °C to 650 °C) with heating and cooling rates of 5 °C min™. The
anodized area of titanium foils was 0.840.03 cm? the cathode material was platinum.

3.1.3 Anodization of titanium coil

An anodized coil made of titanium wire (250 pm diameter, 99.8%, Advent Research
Materials Ltd.) was used to study the photo(electro)catalytic degradation of caffeine and
phenol in two coil-type microreactors with a different size and also in the scaled-up coil-
type microreactor.
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The length of the coil that was used for the degradation of caffeine was 10 mm, whereas
the length of the one used for phenol degradation was 64 mm. The former was anodized at
100 V for 30 minutes in an anodization cell with a stainless-steel cathode. The latter was
anodized at 60 V for 3 hours in the same anodization cell. The app. 32-mm-long anode
coils for the scaled-up reactor were anodized at 60 V for 5 hours. All the anodized titanium
coils were annealed in air for 3 h at 450 °C with heating and cooling rates of 5 °C min™.

3.1.4 Anodization of perforated titanium foil

Perforated titanium foil (200 pm thick, 99.8+%, Baoji Lyne Metals Co., Ltd.) was anodized
at 60 V for 6 h as this anodization time was determined to result in the most
photocatalytically active TiO., nanotube arrays. The anodized area was 210 cm? The
perforated foils were annealed at 450 °C for 1 hour.

3.2 Fabrication and Assembly of Photo(electro)catalytic

Reactors

3.2.1 A coil-type microreactor

A coil-type photoelectrocatalytic microreactor was made from a UV-transparent
Plexiglas (Acrytech d.o.o.) housing with a mechanically engraved cylindrical channel, in
which a photocatalytically active unit was placed. In the case of studies on phenol
degradation, one active unit was placed into 92-mm-long channel (Figure 15a), whereas in
the case of the scaled-up coil-type microreactor, eight active units were placed into 55-mm-
long channels (Figure 15b).

Figure 15: Coil-type photo(electro)catalytic reactor with one active unit used in phenol
degradation studies (a) and a scaled-up coil-type photo(electro)catalytic microreactor with
8 active units (b).

The active unit of the photo(electro)catalytic microreactor was made of an anodized
titanium anode coil which was placed in the middle of a 3-mm-diameter silica glass rod or
tube depending on the microreactor configuration. Figure 16 displays how the silica rod or
tube was mounted within the channel of the Plexiglas housing. It shows the longitudinal
section and the cross-section of the reactor; Figure 16b shows the cross-section of the
reactor along the line A—A of Figure 16a. It can be seen that the chamber provides retaining
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sections which are adapted to hold the ends of the silica rod/tube. This assures a strong
mounting of the silica rod/tube, which, as shown in Figure 16a, has some extension beyond
the area, occupied by the anode coils and the optional cathode coils.
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Figure 16: The longitudinal section (a) of the reactor and the cross-section (b) along the
line A-A of (a), where the silica rod is mounted to the Plexiglas housing.

The position of the anode and cathode inside the microreactor (configuration) that
resulted in the best photo(electro)catalytic activity of the microreactor was determined in
the study of caffeine degradation. In future experiments done on phenol degradation, a
larger unit with the similar surface ratio between the cathode and the photoanode was used
(Figure 17). The length of the anodized titanium-anode coil in this configuration was app.
64 mm. Two titanium-cathode coils with lengths of app. 12 mm were placed on each side
of the anode coil, separated by 2-mm plastic spacers to prevent a short-circuit. The length
of the entire active unit of the photoelectrocatalytic microreactor was app. 92 mm. All the
coils were made of 250-pm titanium wire (99.8%, Advent Research Materials Ltd), which
was wound into tightly packed coils.

| em
—

Figure 17: The active unit of the photo(electro)catalytic reactor used in the study of phenol
degradation.

In case of the caffeine degradation a smaller active unit was used, although in the end
also a scaled-up microreactor with eight 55-mm-long active units was assembled and tested.
The purpose of this study was to explore different positions of the cathode in relation to
the photoanode as well as different surface ratios between the cathode and the photoanode.
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Therefore, four different configurations of the photoanode and the cathode were used
(Figure 18) beside the one used in the scaled-up version which was similar to configuration
d. The cathode was either a straight 250-pm-diameter titanium or copper wire that was
put through the app. 20 mm-long silica-glass tube (Figure 18b,c) or a titanium coil with
four windings placed next to one side of the photoanode, or placed on both sides (Figure
18¢,d). The surface ratio between the photoanode and the titanium cathode in the latter
case was app. 5:1. The length of the anodized titanium-anode coil in all configurations was
app. 10 mm, whereas the length in the case of scaled-up version was app. 35 mm. In
configuration, two different anodized titanium coil densities were tested: the one with
closely packed turns and the one with a reduced number of turns. The scaled-up version
had active units with a slightly reduced number of windings.

o

Figure 18: Different configurations of the cathode and photoanode within the
photocatalytically active unit used for the photocatalytic (a) and photoelectrocatalytic (b—
d) measurements. The glass rod in configurations (a) and (d) was replaced by a glass tube
in configurations (b) and (c¢) so that a cathode in the form of a metal wire was placed
inside the glass tube. In configuration (d) a cathode coil with four turns was placed on
each side of the anode coil.

3mm
[

Coil density influences the photocatalytic surface-to-volume ratio which is one of the
most important parameters influencing the photocatalytic activity of a
photo(electro)catalytic reactor. It is the ratio between the surface of the photocatalyst and
the volume of the liquid. When using the 250-pm-diameter titanium wire, the maximum
possible number of turns on a 1-cm-long glass support was 40 closely packed turns. The
calculated illuminated surface of the anodized titanium coil, in this case, was 1.50+0.08
cm? If, however, the number of turns was reduced by 25%, with the same coil length of 1
cm, the calculated surface area of the titanium coil was 2.204+0.11 cm? The illuminated
surface area of the anodized titanium coils in a scaled-up coil-type microreactor was app.
6243 cm? The calculated surface area of the tightly packed coils in the case of the larger
photocatalytically active unit used for phenol degradation was 9.54-0.4 cm? The available
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volume of the microreactor in the part of the photoactive TiO, depends on the distance
between the outer diameter of the anodized titanium coil and the inner diameter of the
channel. The distance was app. 200 pm in every configuration of a coil-type microreactor.
This gave us the calculated available volume of the microreactor of 27+3 pL in the case of
tightly packed turns and a coil length of 10 mm and 17048 pL in the case of 64 mm-long
coil. In the case of the reduced number of turns, the volume of the reactor in the part of
the photoactive TiO, was determined to be 3543 pl. The volume of the scaled-up
microreactor was 975425 ul.. Consequently, this leads to a surface-to-volume ratio of 5550
m? m™ in the case of closely packed turns and 6300 m? m™ in the case of a reduced number
of turns. It is assumed that the entire TiO; coil surface receives UV illumination when the
coil with a reduced number of turns is used. The most important geometrical characteristics
of the four different configurations of the microreactor used for caffeine degradation and of
the one configuration used for phenol degradation are summarized in Table 1.

Table 1: Characteristics of the different configurations of the photo(electro)catalytic coil-
type microreactor.

Configuration Photocatalytic | Cathode Reactor | Photocatalytic UV-light
surface area surface area | volume surface-to-volume | intensity
(cm?) (cm?) (pL)? ratio (m? m™) (mW cm?)P

a (1)£50j:0.08 . i:ii& 5550 or
2.2040.11 35+3 6300

b 0.2040.01 1.2

c 1.50+£0.08 0.504+0.03 | 2743 5550

d 0.6040.03

longer active | g -\ 4 7+40.3 17048 | 5550 0.1 to 2.8

unit

scaled-up 6243 37.540.5 | 975425 | 6300 P

microreactor

The volume measured between the illuminated photocatalytically active coil and the
channel’s inner surface.

"The total integrated incident intensity between 290 and 390 nm measured with the PCE-
UV34 UVA/UVB radiation meter.

3.2.2 A foil-type large-scale photoelectrocatalytic reactor

A larger photo(electro)catalytic device (Figure 19) was developed based on knowledge
gained through research done on photocatalyst synthesis and design of coil-type reactors.
The main purpose was to develop a larger reactor that could be used in the studies of real
wastewater purification and where a larger sample volume is needed to analyze the very
low quantities of contaminants (e.g. pharmaceuticals). The designed reactor enables
degradation of organic compounds at larger flow rates than coil-type microreactor.
Additionally, the larger photo(electro)catalytic reactor enables quick and easy changes in
its design. It can be assembled into a photocatalytic device or many possible variations of
a photoelectrocatalytic device. Therefore, the developed reactor is ideal for studying the
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influence of many operational and design-related parameters on the efficiency of a
photo(electro)catalytic reactor.

The photocatalytically active unit of the reactor is made of 20 anodized perforated
titanium foils. The surface of the foils is illuminated with at least three UV lights (Philips)
with the emission maximum at 365 nm. Different size and shape of cathodes can be placed
inside the reactor or removed from it when it is only used for the photocatalytic
experiments. The active surface area of the anodized foils is 0.42 m? while the effective
reactor volume depends on the size and shape of the cathodes. In case when the outside
metal tube is the only cathode of the reactor, the volume is app. 1.5 L. Since the
photocatalytic surface-to-volume ratio is in the range of 300 m? m™ which is a lot lower
than in the case of a microreactor system, one of the important operational tasks is to
assure the mixing of the treated fluid. It can be achieved by the rotation of the device.

Figure 19: A large-scale photo(electro)catalytic reactor with a volume of app. 1.5 L.

3.2.3 Illumination of photo(electro)catalytic reactors

In all different coil-type microreactor configurations, the anode coil was illuminated by
two UV light sources, with one placed on the top and the other on the bottom of the
microreactor housing. However, the UV-light source used for the illumination of smaller
coil-type microreactor (configuration a-d) had an incident light intensity of 1.2 mW cm™,
whereas the light intensity of the UV lights used to illuminate the longer active unit was
set from 0.1 to 2.8 mW cm™ by changing the operating potential of the lights. The non-
adjustable UV-light source was placed at a distance of 3 mm from the photoanode coil and
was made of four 0.8-mW UV-LED diodes (Roithner Lasertechnik GmbH). The adjustable
UV LED light source (Shenzhen Justar Electronic Technology Co., Ltd., Guangdong,
China) was placed at a distance of app. 40 mm and was also used for the illumination of
the scaled-up microreactor. The light intensity in the latter case was set to app. 2 mW cm
2. The emission spectra of both UV LED light sources are shown in Figure 20.
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Figure 20: Emission spectra of UV LED light source with adjustable (A) and non-adjustable
(B) light intensity.

3.3 Characterization Methods

3.3.1 Scanning electron microscopy (SEM)

The morphological characterization of the anodized titanium coil was made in a field-
emission scanning electron microscope (FSEM) (Jeol JSM-7600F) with energy-dispersive
X-ray spectrometer (EDXS).

3.3.2 X-ray powder diffraction (XRD)

XRD diffractometer (XRD; D4 Endeavor, Bruker AXS) with a Bragg-Bretano geometry,
a Cu-Ka radiation source (A= 0.154 nm), and a Sol-X energy-dispersive detector was used
to analyze the chemical composition of as-grown and annealed TiO, nanotubes. The XRD
data were analyzed by the X’Pert PRO software from PANalytical.

3.3.3 Electrical conductivity measurements

The electrolyte conductivity was measured with a ProLine Plus M330 conductivity meter.
For the electrocatalytic and photoelectrocatalytic experiments, the electrolyte conductivity
was varied with sodium chloride (99.99%, Acros Organics) or sodium nitrate (99+%,
Merck) in deionized water. The calibration curves for both salts are shown in Figure 21,
whereas the conductivity measurements are provided in Table 2 and 3. The equations of
the calibration curves are

o = 1.8214cp, 0 (13)

The calculated coefficient of determination, R? is 0.9978 in the case of NaCl and 0.9977 in
the case of NaNQOs.
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Figure 21: The calibration curves for the electrolyte conductivities of NaCl or NaNO;
addition to deionized water.

Table 2: The NaCl conductivity measurements.

m (g) V(L) y (gL ¢ (mol L) o (mS cm ™)
0.0172 0.05 0.344 0.0059 0.734
0.0402 0.05 0.804 0.0138 1.686
0.1028 0.05 2.056 0.0352 4.09
0.2005 0.05 4.01 0.0686 7.6
0.2936 0.05 5.872 0.1005 10.96
0.6539 0.05 13.078 0.2238 23.3

Table 3: The NaNO; conductivity measurements.

m (g) V(L) y (g L) ¢ (mol L) o (mS cm™)
0.013 0.05 0.26 0.0031 0.393
0.029 0.05 0.58 0.0068 0.814
0.061 0.05 1.22 0.0144 1.656
0.113 0.05 2.26 0.0266 2.77
0.235 0.05 4.7 0.0553 5.93
0.56 0.05 11.2 0.1318 12.04
1.028 0.05 20.56 0.2419 22.9
1.256 0.05 25.12 0.2955 27.3
1.751 0.05 35.02 0.4120 36.4

3.3.4 UV light intensity and spectra measurements

The total integrated incident UV light intensity between 290 nm and 390 nm was
measured with the PCE-UV34 UVA/UVB radiation meter. The emission spectrum

of the UV light sources was measured using a spectroradiometer (Ocean Optics
USB2000 Spectrometer).
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3.3.5 Photo(electro)catalytic activity measurements

UV-Vis-IR spectrophotometer and HPLC were used to study the photo(electro)catalytic
activity of anodized titanium foils and the efficiency of different photo(electro)catalytic
devices.

3.3.5.1 UV-Vis-IR measurements

Caffeine degradation was monitored by UV-Vis-IR spectrophotometer. Foils with an
anodized area of app. 0.8+0.03 cm? were placed into a small beaker with 5 mL of the initial
caffeine solution of 10 mg/L and then illuminated in a sterilizer (Kambi¢ 1-265 CK UV).
The solution was first stirred for 30 min in the dark to achieve the adsorption-desorption
equilibrium of caffeine on the surface of TiO, nanotube arrays. Afterwards, the samples
were exposed to the illumination source. A sample volume of 200 nL was collected after 30
min in the dark and then four times throughout the entire illumination period of 3 h. All
the samples were analyzed in a high-precision UV—Vis-IR spectrophotometer.

A different measuring principle was chosen to measure the photo(electro)catalytic
efficiency of the coil-type microreactor with different configurations and the microreactor
with eight photocatalytically active units. The experimental set-up is shown in Figure 22.

(3]

Figure 22: Analytical assembly for measuring the photo(electro)catalytic activity of our
microreactor (1) with the four different configurations shown in Fig.1. The components of
our system are: (2) UV LED lights, (3) DC power supplies, (4) beaker with caffeine
solution, (5) peristaltic pump, (6) high-precision UV-Vis-IR spectrophotometer, and (7)
computer.

The inlet of the microreactor was connected to a peristaltic pump (Idex Health &
Science) with fluorinated ethylene propylene tubing (internal diameter of 0.5 mm, Vici AG
International). The outlet of the microreactor was connected to a high-precision UV—Vis-
IR spectrophotometer (PerkinElmer Lambda 950), as shown schematically in Figure 23. In
the schematic representation, the electronic circuit diagram of the most photocatalytically
active configuration (configuration d) of our coil-type reactor is included. The UV
absorption spectra were measured continuously in a 31-mL, flow-through cuvette (Hellma
Analytics) without the need for any sample collection. The solution of caffeine with an
initial concentration of app. 40 mg/L was continuously circulated through the system at a
volumetric flow rate of 10 mL/min, as it was returned to the beaker with the initial solution
after passing the spectrophotometer. The solution volume was 1 mL, and the measurement
was made up to seven times during a period of 2 h.



32 Chapter 3. Experimental Procedures

UV LED light

photo(electro)catalytic

microreactor

N

| I cuvette

UV-Vis-IR spectrophotometer

UV LED light

[

beaker with
caffeine solution

peristaltic pump
Figure 23: Schematic representation of Figure 22. The electronic circuit diagram of the
most  photocatalytically — active  configuration  (configuration d) of  our
photo(electro)catalytic reactor is shown. The solution of caffeine was continuously
circulated through the system in the direction of the arrows.

3.3.5.2 HPLC measurements

Phenol degradation was monitored by the HPLC measurements.

The inlet of the microreactor was connected to a syringe pump (Aladdin, World
Precision Instruments, Sarasota, USA) with fluorinated ethylene propylene tubing (internal
diameter: 0.5 mm, Vici AG International). The initial phenol (99.9%, Sigma-Aldrich)
concentrations of app. 10.8 ppm, 23.5 ppm or 46.5 ppm were continuously pumped through
the reactor at a volumetric flow rate in the range 7-600 pL min™. Deionized water was
used to dissolve the phenol before all the measurements. For the electrocatalytic and
photoelectrocatalytic experiments, the electrolyte conductivity was varied with sodium
chloride and sodium nitrate. The applied potential was in the range 4-30 V. For the
photocatalytic and photoelectrocatalytic experiments, the anode coil was illuminated from
the top and the bottom as can be seen in Figure 24. The light intensity of the UV lights
was set from 0.1 to 2.8 mW cm™ by changing the operating potential of the lights.
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Figure 24: The experimental set-up for measuring the photoelectrocatalytic activity of the
coil-type microreactor (1) with an anodized titanium coil as the photocatalytically active
unit. Other components of the system are: (2) UV LED lights, (3) DC power supplies, (4)
glass syringe, (5) syringe pump, (6) high-performance liquid chromatography (HPLC)
system, (7) vials for sample collection and (8) computer.

Before collecting the samples for the individual experimental conditions, 1 mL of the
phenol solution was pumped through the microreactor to clean the products of the previous
experiment. The experiments were performed at room temperature (25 °C). For each
experiment, three samples were collected at the outlet of the microreactor and analyzed
with a high-performance, liquid-chromatography apparatus (HPLC, Agilent 1100 Series,
Agilent, Santa Clara, CA). The degradation of the phenol and the amounts of the
intermediates produced were determined from the calibration curves, which were made for
the model degradation compound and all the intermediates that were detected by the
HPLC. The method was the same as in a previous study [151]. The HPLC was equipped
with a UV-Vis detector (G1315A) and a solvent-delivery pump (G1312A) with a
Phenomenex (Torrance, CA) Synergi™ 4-1 Hydro-RP 80 A analytical column (250 x 4.6
mm?, 4-pm packing), with a 70:30 (vol:vol) Milli-Q water and acetonitrile mixture as the
solvent. The species in question were analyzed at 254 nm. The retention times for the
phenol, hydroquinone and benzoquinone were 8.8, 7.4 and 5.3 min.
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Chapter 4

Results and Discussion

4.1 Anodic Oxidation of Titanium

4.1.1 XRD analysis of TiO: nanotubes array

The TiO; nanotube layer grown by anodic oxidation is amorphous, and only the diffraction
peaks corresponding to metal titanium substrate can be observed. Annealing at 450 °C for
1 h already transforms the amorphous phase polycrystalline nanotube walls into anatase
phase. The most intense diffraction peaks of anatase are the ones of the crystal planes
(101), (103), 200) and (105). The diffraction peaks corresponding to rutile phase start to
appear after annealing at 620 °C for 1 h. The most intense are the ones of the crystal planes
(110), (101), (211) and (002). The diffraction peaks of anatase crystal planes are more
intense than the ones of rutile even at the highest annealing temperature of 700 °C.
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Figure 25: XRD patterns of anodized titanium foils (60 V/3 h) annealed at different
temperatures and for different times.

Diffraction peaks at 20 = 25.3°, 36.9°, 37.8°, 38.6°, 48.0°, 53.9°, 55.1°, 62.1° and 62.7°
correspond to the (101), (103), (004), (112), (200), (105), (211), (213) and (204) crystal
planes of anatase-phase TiO,. The diffraction peaks at 20 = 27.4°, 36.1°, 39.2°, 41.2°, 44.0°,
54.3° 56.6°, 62.8°, 64.0° and 65.5° correspond to the (110), (101), (200), (111), (210), (211),
(220), (002), (310) and (221) crystal planes of rutile-phase TiO,. The diffraction peaks at
20 = 35.1°, 38.4° 40.2°, 53.0° and 63.0° correspond to the (100), (002), (101), (102) and
(110) crystal planes of the titanium substrate (Figure 25).

4.1.2 Morphology of TiO2 nanotube arrays

Morphology of the TiO; nanotube arrays, i.e. top view, bottom view and side view, were
studied by field-emission scanning electron microscopy (FSEM). It was observed that the
surface morphology of the anodized TiO, nanotubes depends on the anodization time
(Figure 26). While shorter anodization times (Fig. 26a) yield more compact and even
surface of the TiO, array, longer anodization times (Fig. 26b,c) increase the surface
roughness. Also, longer anodization times more efficiently remove the very thin, more
compact, TiO, surface layer and thus expose regions of titania nanotubes array where one
can observe discrete nanotubes (Fig 26d). This may well be a consequence of constant
etching by the fluoride ions during longer anodization times. On the other hand, the wall
thickness of nanotubes increases with longer anodization times. The average outer diameter
of a single TiO; nanotube was measured to be between 150 and 200 nm regardless of
anodization parameters, while the inner diameter is app. 50 nm for short anodization times
(3 h) and increases for longer anodization times.
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If TiO, nanotube array is detached from the titanium metal support one can clearly
observe that the nanotubes at the bottom are closed (Figure 27). Also, the imprints of the
contact of nanotubes with the metal support can clearly be seen on the surface of the
detached metal titanium.
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Figure 27: (a) SEM micrograph of detached bottom surface of closed TlOz nanotubes (b)
The corresponding imprints of detached TiO. nanotubes seen in the metal substrate
surface.

SEM side-view imaging was used to determine the length of TiO, nanotubes and to
investigate the morphology of the nanotubes (Figure 28). The length of the nanotubes was
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determined on crushed particles of the TiO, nanotube thin films that were oriented
perpendicular to the electron beam as shown in Figure 28. The error in the length
determination using SEM calibrated marker was app. +5%.

L

Figure 28: Side views imaging of TiO, nanotubes array films that were used for

determination of the TiO, nanotubes film thickness.

Higher magnification, side-view imaging of TiO, nanotubes additionally revealed that
they exhibit the so-called bamboo structure which is characteristic when 2 vol.% of water
is added to the anodization electrolyte (Figure 29a). High-resolution FSEM images
additionally confirm that the observed nanotubes are polycrystalline after annealing at 450
°C, 1 h. The estimated size of grains, comprising individual nanotube, is below 10 nm which
is important for the photocatalytic activity which is increased due to nano-sized grains.

S0 Ml

Figure 29: Cross-sectional SEM micrographs of annealed poly;ystalline TiO, nanotubes.
(a) Lower magnification revealing bamboo structure. (b-d) Higher magnification images
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revealing nano-sized polycrystalline nature of individual nanotubes (b: 300.000%; c:
400.000x; d: 500.000x.

SEM investigations also showed that while the morphology of TiO; nanotubes arrays
was dependent on the anodization parameters and annealing temperature, it was
independent from the choice of metal titanium form (wire, foil, mesh).

4.2 Photocatalytic Activity of TiO> Nanotube Arrays

4.2.1 Influence of anodization potential and time

The most suitable anodization time and applied potential were determined according to
the photocatalytic activity of the resulting TiO, nanotube arrays. Caffeine was used as
model organic compound for determination of photocatalytic activity.

The anodic oxidation of the titanium foils was performed at anodization potentials of
60 V and 120 V. The latter anodization potential requires specific additives to the
electrolyte that prevent the dielectric oxide breakdown [152]. This is why we added lactic
acid when using a potential of 120 V. The diagram in Figure 30 illustrates the degradation
of the caffeine after a reaction time of 180 min for different anodization potentials and
times of anodization. All the anodized foils were heat treated in the same way after the
anodization. The best photocatalytic performance, i.e., a degradation of app. 63% of the
initial caffeine concentration during a UV illumination period of 3 h, was obtained when
the foil was anodized at 120 V for 30 min. This is consistent with the results of Kontos et
al. [153], who showed that longer TiO, nanotubes exhibit better photocatalytic
performance. This was also true in our case, since the anodization potential of 120 V for
30 min led to the formation of the longest TiO2 nanotubes, as compared to other anodizing
conditions.
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Figure 30: Photocatalytic degradation of caffeine for the reaction time of 180 min by TiO,
nanotubes grown at different anodization potentials and periods.

However, there is a difference between the different anodized titanium forms in their
photocatalytic activity. The most photocatalytically active TiO, nanotubes will grow inside
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the titanium form with the most microscopically flat surface. The surface of titanium foil
is in this regard better than the surface of drawn titanium wire.

In any case, an optimal length of the nanotubes exists which results in the best
photocatalytic activity. The length increases with the anodization time and was measured
after the anodization for 3 hours, 6 hours and 9 hours at 60 V. The length of the nanotubes
is shown in Figure 31 together with their photocatalytic activity. The measured lengths
were 26+1 pm, 404+1 pm and 4941 pm. The corresponding photocatalytic degradations of
10 mg L' caffeine were 8+1%, 36+3% and 114+1%. The lengths of the TiO, nanotubes were
measured from nanotubes’ cross-sections in the FSEM. It is evident that the length of the
nanotubes significantly influences their photocatalytic activity and that their growth rate
(nm/time) reduces with the increasing anodization time. The maximum photocatalytic
activity achieved for app. 40 pm-long nanotubes means that this long nanotubes capture
the incident illumination the most efficiently.
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Figure 31: The influence of TiO, nanotubes film thickness on its photocatalytic activity.
The titanium foils were anodized for different times and tested for the photocatalytic
degradation of caffeine.

4.2.2 Choice of the anodization cathode material

Three different inert conductive materials were used as anodization cathode materials in
anodization cell, and the photocatalytic activity of the resulting TiO, nanotube films was
tested. It was found that the most commonly used platinum cathode can be easily replaced
by graphite-foil or stainless-steel cathodes with no resulting loss in the photocatalytic
performance of the obtained TiO, films (Figure 32). Accordingly, I used stainless-steel
cathodes in all of our subsequent anodization processes involving either foils, perforated
foils and/or titanium wires/coils.
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Figure 32: Photocatalytic degradation of caffeine in the microreactor at the reaction time
of 120 minutes for different cathode materials used for the anodization process.

4.2.3 Influence of annealing temperature and time

A thermal treatment of the anodized foils also has a significant influence on the resulting
photocatalytic activity of the TiO, nanotubes (Figure 33). The influence of the annealing
temperature, as well as the period of the annealing, were extensively studied because of the
many applications of TiO, nanotubes. By annealing the TiO, nanotubes at a temperature
higher than 280°C the anodized amorphous TiO, nanotubes were transformed into anatase
and/or rutile with varying ratios between the two crystal modifications [96,154]. Some
authors have suggested that the mixture of anatase and rutile is the best when using TiO-
in photocatalytic applications [155,156]; however, our results for caffeine degradation
(Figure 33) showed that the most suitable annealing temperature was 450°C with an
annealing period of 1 h. The XRD analysis confirmed that only anatase was present in the
polycrystalline TiO, nanotubes under these annealing conditions (Figure 25). Lower
efficiency at shorter annealing time of 30 min was attributed to not yet complete
crystallization of amorphous titania to anatase. On the other hand, lower efficiencies at
longer annealing times (2 h, 3 h) are most likely due to the nanograins coarsening process
within individual polycrystalline titania nanotubes, which consequently reduces the overall
grain boundaries surface area which represents a high-diffusivity path for charge carriers.
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Figure 33: Photocatalytic degradation of caffeine by anodized titanium foils annealed at
different temperatures and times. The photocatalytic reaction time was 180 min.

4.3 Characteristics of a Coil-Type Microreactor

4.3.1 Photocatalyst surface to microreactor volume ratio

The photocatalytic surface-to-volume ratio plays a crucial role in the overall efficiency of
a photocatalytic reactor because smaller distances between the surface of the photoactive
TiO, and the reactor housing mean a shorter and therefore a faster diffusion path for the
organic compounds to the photoactive surface, where the photocatalytic reaction takes
place.

The photocatalytic surface-to-volume ratio was changed by adjusting the coil density
on a l-cm-long glass rod, as described previously. For 30 coils cm™, the calculated
photocatalytic surface-to-volume ratio was app. 6350 m? m™, which was based on the
assumption that the distance between the coil turns is sufficient for the UV light to also
reach the inner surface of the coil. In order for this to be true, the glass rod should be more
or less transparent to the UV radiation. In this way, UV light in the channel can reach the
larger surface area of the anodized titanium coil, which increases the efficacy of the
microreactor. This was tested for two different coil densities, and for the coil density of 30
coils em™, this was app. 60%, as opposed to the 40 coils ecm™ (close packed), where only
app. 40% of the caffeine was degraded (Figure 34).
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Figure 34: Photocatalytic degradation of caffeine in the microreactor at different reaction
times for two different anodized coil densities.

4.3.2 Influence of the cathode material

Configuration b from Table 1 was used to determine the influence of the cathode material
on the degradation efficiency of the caffeine. For these experiments titanium and copper
wires of the same diameter and surface area were placed inside the glass tube in the
microreactor, and the photoelectrocatalytic activity of both systems was measured at two
different applied potentials, i.e., at 2 and 4 V. It was found that the best results were
obtained for the titanium cathode with an applied potential of 4 V, as shown in Figure 35.
After 2 h of reaction time, the initial concentration of app. 40 mg/L of caffeine was reduced
to app. 1.1 mg/L, which corresponds to an app. 97% degradation of the initial
concentration.
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Figure 35: Photoelectrocatalytic degradation of caffeine in the microreactor at different
reaction times for two different cathode materials and two different applied external
voltages in the photoelectrocatalytic reactor (configuration b).

4.4 Degradation of Organic Compounds with a Coil-Type
Microreactor

4.4.1 Degradation of caffeine

The coil-type photocatalytic microreactor is very suitable for use as a photoelectrocatalytic
microreactor because it is made of a photocatalytically active coil that can be easily
connected to a power supply. In order to change the photocatalytic microreactor into the
photoelectrocatalytic microreactor we added one or more cathodes in the form of a metal
coil and/or wire into the microreactor’s reaction chamber. The various configurations of
the cathode and anode coils in our photoelectrocatalytic coil-type microreactor are shown
in Figure 18 and described in the Fabrication and Assembly of Photo(electro)catalytic
Reactors subsection of this thesis. The same anode coil with a maximum coil density of 40
coils/ecm was used for all the photoelectrocatalytic experiments. The anode coil was
anodized at 100 V for 30 min in an anodization cell with a stainless-steel cathode.

We investigated several parameters that influence the performance of a
photoelectrocatalytic coil-type microreactor, such as the caffeine solution’s conductivity,
the position and the shape of the cathodes, the surface area of the cathode material, and
the applied potential.

4.4.1.1 Influence of the caffeine solution’s conductivity

Of all the parameters influencing the performance of a photoelectrocatalytic coil-type
reactor, the caffeine solution’s conductivity was the most important, as the
photoelectrocatalytic process does not work without the presence of a conductive electrolyte
(Figure 36). The measurements of the photocatalytic degradation were first made without
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an applied external potential, but with the connected cathode, for two caffeine solutions
with different electrical conductivities. Although there was no electrical potential applied,
the degradation rate of the caffeine in a solution containing drinking water with a
conductivity of 270 puS em was significantly higher than the one in a solution containing
deionized water with a conductivity of 1 pS ecm™. In the first case, app. 68% of the initial
caffeine was degraded, whereas in the second case this was only app. 33% (Figure 36). This
result shows that the photoelectrocatalytic process is present immediately after placing two
different electrode materials in a conductive solution. Configuration b from Table 1 was
used for this experiment.
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Figure 36: Photoelectrocatalytic degradation of caffeine in the microreactor at different
reaction times for two different caffeine solution conductivities.

4.4.1.2 Influence of the external bias potential

Microreactor’s design was changed in two different ways in order to determine the most
appropriate position and surface area of the cathodes, the most appropriate applied
potential, and the separate contribution of the photocatalysis and electrocatalysis. As we
can see from Figures 37 and 38, the performance of a photoelectrocatalytic process is much
better than the sum of the photocatalytic and electrocatalytic processes, which indicates
the synergistic effect of both processes is very strong, as was already reported by other
authors [157-159]. Configuration ¢ of the microreactor showed a better photocatalytic
reaction rate than configuration b, but significantly lower than configuration d. The reason
for the much higher photocatalytic efficiency of configuration d is the reduced reactor
volume, as the glass tube in the reaction chamber was replaced by a glass rod, and the
larger cathode surface area compared to the one in configuration c¢. The influence of the
applied potential showed the same trend in both configurations ¢ and d. The rate of the
photoelectrocatalytic reaction increased up to 4 V of the applied potential. A further
increase of the potential to 8 V slightly lowered the photocatalytic activity of the system.
The reason for this behavior was the insufficient UV-light intensity that did not generate
enough electron—hole pairs. Besides the higher applied voltage, there was also an increase
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in the rate of the water-electrolysis process, which does not contribute to the
photoelectrocatalytic degradation. By applying a negative bias potential of -4 V to the
photocatalyst in configuration ¢ (Figure 37), the degradation rate was only slightly higher
than in the case of no applied potential, which tells us that the hole-driven reaction
pathway is much more efficient for the caffeine degradation. In the same diagram, we also
see that there is no degradation reaction going on, as well as there is no adsorption of
caffeine when no external potential is applied, and the photocatalyst is not illuminated.
The shortest time for complete caffeine degradation was 55 min when an anodic bias
potential of 4 V was applied to the photoelectrocatalytic coil-type configuration d
microreactor (Figure 38).
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Figure 37: Photoelectrocatalytic degradation of caffeine in a photoelectrocatalytic
microreactor (configuration c) at different reaction times for different applied potentials.
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Figure 38: Photoelectrocatalytic degradation of caffeine in a photoelectrocatalytic
microreactor (configuration d) at different reaction times for different applied potentials.

4.4.1.3 Scale-up process

The simple structure of the coil-type microreactor makes possible a quick and easy
assembly process, wherein each part of the microreactor can be made separately and then
put together into a highly efficient photoelectrocatalytic reactor. Another great advantage
of such a system is the quick and simple replacement of the active parts. In order to prove
this concept I assembled a coil-type photoelectrocatalytic microreactor with eight, 55-mm-
long active units were placed. The initial caffeine concentration was 25 mg L and NaCl
was added to the caffeine solution to provide the desired conductivity, which was 275 pS
cm™. The microreactor was operated under a continuous flow with an applied voltage of 4
V.

The initial reaction rates (Ri) and photonic efficiencies ({) for the microreactor were
calculated from the initial slopes of the caffeine degradation at an initial concentration of
25 mg L. While the initial reaction rate of the coil-type microreactor was 6.1 mmol L'h-
!, the photonic efficiency value was 0.52%. The results of the photoelectrocatalytic
degradation of caffeine at different hydrodynamic residence times (7), calculated from V
qv', where V is the reactor volume, and ¢y is volumetric flow rate, are shown in Figure 39.
All the initial caffeine is degraded at the volumetric flow rate of 100 mL min™.
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Figure 39: Photoelectrocatalytic degradation of caffeine in a scaled-up microreactor for
different residence times.

4.4.2 Degradation of phenol

4.4.2.1 Phenol decomposition

Phenol (Ph) adsorbs onto the TiO, catalyst, where it reacts with the hydroxyl radicals and
decomposes to benzoquinone (Bq) and simultaneously to acids, CO, and H.O. The
benzoquinone also decomposes to acids, CO, and H,O. Hydroquinone was only detected in
two experiments, both at the highest voltage of 30 V, the highest UV-light intensity of
app. 2.8 mW cm? and for very short residence times (at flow rates of 200 and 600 pL. min®
). Since it is a rapidly decomposed intermediate, it was not specifically treated in the

model (Figure 40).
OH O

Ph Bq

kPh-Bq

_

\ / O
kPh-deg kBq-deg

acids and
mineralization

Figure 40: The mechanism of phenol degradation that applies to the current investigation.

The reactions inside the reactor take place at the TiO, surface, where the electron—hole
pairs induce the oxidation reactions. Phenol decomposes to benzoquinone with the aid of
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four hydroxyl radicals, while total mineralization is achieved with 28 hydroxyl radicals.
Benzoquinone requires 24 hydroxyl radicals for complete mineralization. Water and CO,
are formed in the process.

CsHsO + 280H"* —» 6CO; + 17TH,O (16)
C¢H,O, + 240H" - 6CO, + 14H,0O (17)

4.4.2.2 The proposed model

The partial differential mass-balance equations (with the transient, convection and
diffusion terms in cylindrical coordinates) were solved using the finite difference method.
The finite difference scheme for the solution of the partial differential mass balance
equations (Equations 18-20) can be seen in Appendix A. Grid independence was achieved
at a 41 x 40 x 10° discretization of the computational domain (radial x longitudinal x
time dimensions). At higher phenol conversions, a finer discretization of the time dimension
was required. The solution was obtained when the calculations converged to the steady
state. For the parameter estimation, a regression analysis was performed using the trust-
region-reflective algorithm.

Icp, 9 (3201% *cpy }80Ph>
o~ g TP T Y ey (18
dcp, Jcp, d*cp, 0%cp, 10cp,
o~ +Di<8x2 T Ty 87“) (19)
dco, dco, 82002 82002 10co,
a - +Di(ax2 T 7 8r> (20

where ¢; are the species’ concentrations, t represents the time, v is the linear velocity, x is
the axial dimension, r is the radial dimension, and D; are the diffusion coefficients. v is
dependent on the radial position, due to the formation of a parabolic laminar velocity
profile. The domain in the radial direction extends from R;, which is 1.625 mm, to Ra,
which is 1.95 mm. The reaction takes place on the TiO, catalyst, which is positioned on
the inner channel wall at R;.

Since the catalyst consists of TiO, nanotubes and the phenol concentrations are small,
the saturation of the catalyst surface was not considered to be a restrictive factor governing
the overall kinetics. The boundary conditions and the reaction-rate expressions on the
catalyst surface are therefore dependent on the adsorption coefficients of each individual
species (Kj), and on the kinetic constants (k;;):

"Ph—Bq = kthBq Kpy, ¢py, Cone (21)
T Ph—deg = KpPh—deg I P CPn CoHe (22)
TBq—deg = kBq—deg KBq ch COHe (23)

During photocatalysis, the reduction of oxygen on the catalyst surface removes the e
and allows for OH" generation on the holes. The rate expression is:
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!
ro, = Iyykrealo, o, (24)

The boundary conditions and the mass balance for the hydroxyl radicals involved in
photocatalysis at the catalytic wall are:

—Do, d;: =—To, (25)

—Lpp d(ijh = ~Tph—Bq — "Ph—deg (26)

Bg % = Tpn—Bq — "Bq—deg (27)

% =To, — Arpy_pg — 28TPh7deg - 24'TBq7deg (28)

During photoelectrocatalysis the UV light excites the electrons, and the electrical
current moves them to the cathode. The OH" radicals are produced from water on the
available holes. Dissolved oxygen does not play a part in the degradation of the phenol
since the applied electrical current suppresses the recombination and enables the holes on
the photocatalyst surface to produce the OH*. The rate expression can be written as:

l
Telect. = (I(Zl'\? + IO)Icnucrrent kelect. (29)

The boundary conditions and the mass balance for the hydroxyl radicals at the catalytic
wall for the photoelectrocatalysis are:

dc
—Lpp d—fh = = Tph—Bq — "Ph—deg (30)
decg
Bq drq = TPh—Bq - 7/‘Bq—deg (31)
d cope
TH = Tetect. — M pr_Bg — 28" ph_deg — 24T By—deg (32)

A zero concentration-gradient boundary condition was imposed on the Ry boundary
(non-catalytic outer wall) for all the species. The diffusion coefficients were determined
using the correlation provided by Siddiqi and Lucas [160] from the molar volumes of the
liquid solutes at their normal boiling points. The diffusion coefficient of the oxygen was
calculated using the Wilke-Chang correlation [161]. The kinetic parameters were obtained
by a simultaneous regression analysis of all the experimental data and are presented in
Table 4. The reaction and adsorption constants are coupled in the reaction—adsorption
constant.
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Table 4: The kinetic parameters for photocatalysis and photoelectrocatalysis obtained using
the regression analysis of the experimental data.

parameters value
kpn g Kpn (L s mol ) 9.51 x 102
kpn aeg Kpn (L s mol ™) 1.48 x 10°?
Kiq des Kpq (L s ' mol ') 1.36 x 10
nly 0.91
Krea Koz (mW cm %) ™ st) 1.18 x 10°
Iy (mW cm?)nl, 0.25
nl, 0.94
Ne 0.96
Keeer ((mW cm ?)—nl, mA ™ mol L' s') 1.18 x 108

All the experiments were performed under laminar flow conditions. The highest
Reynolds number at the highest flow rate of 600 pL. min' was less than 1. The electrical
current (lowen in mA) measured was 0.153 mA V' x electrical potential (U in V). A
detailed discussion follows in the subsequent sections.

4.4.2.3 Photocatalytic degradation

The photocatalytic experiments were performed at different flow rates, initial phenol
concentrations and light intensities. Figure 41 shows the results for the UV-light intensity
of 2.8mW cm™. The experimental symbols are the microreactor exit concentrations for the
different residence times, which correspond to the appropriate flow rates. During the
photocatalysis the phenol was not decomposed to any great extent, i.e., only to 83.7% and
83.3% (experiment and model) at an app. 10.8 ppm initial phenol concentration, to 90.7%
and 91.7% of its initial value (experiment and model) at app. 23.5 ppm, and to 92.8% and
95.5% (experiment and model) at app. 46.5 ppm. This was found to be due to the depletion
of oxygen inside the microchannel. Oxygen has a determining role in the photodegradation
since it consumes the photogenerated electrons and prevents their direct recombination
with the holes. In the case of O, depletion, extensive recombination stops the photocatalytic
activity of the TiO; catalyst. From the model, it was determined that one reacted O, results
in one OH* being produced from H,O at the positive hole, in which case the final
experimental conversions matched the final model conversions.
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Figure 41: Phenol concentrations at different microreactor residence times for different
initial phenol concentrations and at app. 2.8mW cm? UV-light intensity. The symbols
represent the experimental results, whereas the lines are the results from the model.

The detailed concentration profiles of phenol, benzoquinone and oxygen are presented
in Figure 42 (a, b and ¢) for the 2.1 mW cm™ UV-light intensity and a flow rate of 50 pL
min”. The concentration profiles are presented in ppm along the axial (x) and radial (r)
dimensions. The reaction takes place at the boundary for r = 1.625 mm. At the beginning
of the microchannel at the cathode coil, there is no hydroxyl radical generation, and
decomposition does not occur. Further along the microchannel at the anode, hydroxyl
radicals decompose the phenol into benzoquinone; oxygen is depleted in the process (Figure
42¢). After this oxygen depletion, the reactions taking place come to a halt. The initial
oxygen concentration corresponds to the saturated oxygen concentration at 25 °C, which
is 4.59 mol L''. The concentration profiles in the radial (r) direction are dependent on the
rate of diffusion for each species. Figure 42d presents the average concentration at the exit
of the microreactor for different residence times (for flow rates of 7, 10, 20, 50, 200 and 600
pL min'). The flow rates 7 to 50 pL min® yield the same result, since the oxygen was
depleted in all cases before reaching the exit of the microreactor.

The majority of the phenol was converted to benzoquinone, which is also expressed in
the reaction—adsorption constant kpn g-Kpn of 9.51 x 102 L s mol!, which is the highest
of the constants for the competing reaction pathways. Second is the reaction—adsorption
constant for phenol degradation, which is almost two orders of magnitude lower (1.48 x
10?* L s* mol!). Benzoquinone, once formed, does not decompose readily; the reaction—
adsorption constant for benzoquinone degradation is one order of magnitude lower than
the constant for direct phenol degradation.
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Figure 42: The concentration profiles of (a) phenol, (b) benzoquinone and (c) oxygen along
the length and radius of the reactor in ppm for a flow rate of 50 pL min™'. (d) The average
outlet concentrations for various residence times (different flow rates). The light intensity
was 2.1 mW cm™.

The effect of light intensity is presented in Figure 43. Its effect on the kinetic constant,
in the studied range from 0 to app. 2.8mW cm™?, follows an almost linear dependency, with
a power law coefficient of 0.91. Nevertheless, higher phenol conversions were not achieved
at higher light intensities due to an oxygen deficiency. The model predictions were in good
agreement with the experimental results.
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Figure 43: The effect of light intensity on the phenol (red) and benzoquinone (green)
concentrations. The symbols represent the experimental, while the lines represent the
modeling results for a flow rate of 200 pLL min™.

4.4.2.4 Photoelectrocatalytic and electrocatalytic degradation

Photoelectrocatalytic experiments were performed at different flow rates, light intensities,
and under an applied electrical potential (U) of 4, 8, and 16 V. The oxygen did not play a
decisive role in the phenol degradation; the existence of the positive holes was stabilized
by the electrical current. At higher currents, more hydroxyl radicals were generated, which
increased the rate of the reaction. Photoelectrocatalysis allowed for a complete degradation
of the phenol.

The reaction-adsorption constants were the same as with the photocatalysis (Table 4).
Phenol degradation also took place in the dark (0 mW cm™); without UV illumination, the
reactions were undergoing electrocatalysis only. It is presumed that the hydroxyl radicals
were electrochemically produced at the anode surface, with chlorine radicals also being
generated, because of the presence of chloride ions, which were electrochemically oxidized
at the anode surface. Figure 44 shows the effect of the applied electrical potential on phenol
degradation for various light intensities. The concentrations depict the average outlet
phenol concentration. The expected trend is evident, except in the case of electrocatalysis,
at zero illumination and 16 V, when a very high phenol concentration drop can be observed,
as compared to the experiments performed at 8 V and 4 V. At app. 1.4, 2.1, and 2.8 mW
cm? and 16 V, the model results are similar, since, at a high reaction rate, the diffusion
transport to the catalytic wall becomes the limiting factor. This was not observed for the
photocatalytic experiments since the reaction rate was slower. The calculated diffusion
coefficients were 7.96 x 10" m? s' for the phenol and 7.68 x 10" m? s' for the
benzoquinone.
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Figure 44: The effect of an applied electrical potential on phenol degradation for various
light intensities and an initial phenol concentration of app. 45.7 ppm at a 200 puL min™
flow rate. The 0 mW c¢m™ demonstrates the results of the electrocatalysis only.

Detailed concentration profiles for the phenol and benzoquinone are presented in Figure
45 for the case of an initial phenol concentration of app. 45.7 ppm, a flow rate of 600 pL
min™, a light intensity of app. 2.8 mW cm™, and an electrical potential of 8 V. In Figure
45a the phenol decomposes to 0 ppm at the inner catalytic wall, while the average outlet
concentration is 78.2% of the initial concentration. The diffusion of phenol from the outer
to the inner wall is slow, which produces a high concentration gradient in the radial
direction. Benzoquinone (Figure 45b) is formed and decomposed at the catalytic wall.
These results show that the process would be intensified in a narrower (radial-wise)
channel, where the rate of the diffusional transport to and from the catalytic wall would
be improved. The velocity profile, presented in Figure 45¢, formed between the two walls
is parabolic, and the flow was laminar in all the experiments and simulations. The exit
phenol and benzoquinone concentrations at 600 pL min™ for different electrical potentials
are shown in Figure 45d.
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Figure 45: The concentration profiles of (a) phenol, (b) benzoquinone and (c) the velocity
profile along the length and radius of the reactor in ppm at a flow rate of 600 pL min™,
light intensity of 2.8 mW cm™, and an electrical potential of 8 V. (d) The average outlet
concentrations at different electrical currents (0-16 V).

At 16 V there was a large discrepancy between all of the modeling results and the
experimental values (Figure 46). Much higher conversions were achieved for low UV
irradiation than it could be predicted using the model. This is most pronounced at 0 mW
cm? and a 16 V electrical potential, in which case the phenol concentration dropped to
45.1% of the initial concentration.
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Figure 46: The effect of light intensity on phenol degradation at 200 pL min™.

At 16 V it is clear that the light intensity did not have a substantial effect on the
phenol degradation. The reason for this was the different reaction mechanism governing
the process. The phenol was not only oxidized by the OH*, but also by the chlorine radicals.
In order to verify this assumption, NaNO; was added to the phenol solution instead of
NaCl. As shown in Figure 47 the change in the inorganic salt plays a significant role in the
phenol degradation, which was especially visible at higher applied potentials and higher
phenol-solution conductivities. With a high enough Cl" ion concentration in the solution
and a zero applied potential, chloride ions inhibit the phenol degradation (Figure 47b). By
increasing the applied electrical potential, more and more chlorine radicals are generated,
which contribute to the overall degradation. Water is also split into hydrogen and oxygen
at 16 V, but the amount of released gases during degradation is extremely low.

The limiting current density for chlorine evolution is already achieved at the applied
potential of 4 V. From this applied potential the NaCl exceeds the performance of the
phenol degradation in comparison to NaNQO;. This can be seen regardless of the NaCl
concentration in the phenol solution.

The difference in the degradation rate between both cases, the addition of NaCl or
NaNQs, is increasing with an increasing applied potential due to the presence of Cl ions,
which generates additional radicals that further enhance the phenol degradation rate. The
main role of the NaNO; addition is therefore only to increase the conductivity of the
solution and enable the suppression of electron-hole pair recombination with the
application of the external electrical potential. Up to a certain applied potential value, the
phenol degradation rate is increasing due to the better separation of electron-hole pairs
and, consequently, a greater OH* generation. The use of NaNO; to adjust the solution’s
conductivity shows that the applied potential of 8 V is enough to suppress the
recombination of the electrons and holes generated at a light intensity of app. 2.8 mW cm
* (Figure 47b). All the additional degradation is attributed to the high oxidizing power of
the chlorine radicals.
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Figure 47: Photoelectrocatalytic degradation of phenol with an initial concentration of app.
46 mg L' at different applied electrical potentials, a light intensity of app. 2.8 mW cm™
and at a phenol solution conductivity of (a) app. 230 uS em™ and (b) app. 10.5 mS cm™.
The phenol solution’s conductivity was adjusted with NaCl or NaNO; and the flow rate
was set to 200 pL min™ for both sets of experiments.

Figure 48 shows the concentration profiles of phenol and benzoquinone in Cartesian
coordinates for the case of 0.85 mW cm™? UV-light intensity, at 16 V and at a flow rate of
200 pL min™. The microchannel is divided into 10 planes along the axial direction. The
reactions take place at the inner wall, and a nonhomogeneous concentration distribution
can be observed at the planes due to the slow molecular diffusion, as opposed to the rate
of the chemical reactions.
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Figure 48: The concentration profiles of phenol and benzoquinone in Cartesian coordinates
at 0.85 mW cm?, 16 V and 200 pL min™.

With photoelectrocatalysis, 100% degradation was readily achieved. The highest
degradation rate of 26.76 ppm min” was achieved at 16 V, 2.8 mW c¢m™, and 600 pL min-
! The stability of the catalyst was monitored throughout the experimentation process.
After 200 h of operation, there was no measurable lowering of the catalytic activity of the
TiOs-nanotube catalyst.
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4.4.2.5 Energy efficiency

During the reactor’s operation, the energy consumption of the UV lights and the electrical
power needed to apply the external electrical potential were monitored. Our results show
that the electrical power consumed by the potentiostat to apply the electrical potential
during the photoelectrocatalytic and electrocatalytic measurements is negligible compared
to the power consumption for the UV lights. Namely, the power consumption for
photocatalytic degradation at a light intensity of 1.4 mW cm™ is 10.7 W, whereas for
photoelectrocatalytic degradation at the same light intensity and an applied potential of
16 V it is 10.74 W. However, in the case of photocatalytic degradation some other
purification treatment has to be applied afterwards in order to fully degrade the pollutant,
or oxygen has to be continuously introduced into the microreactor. In the case of using
electrocatalytic water purification alone, the electrical current densities used here are much
lower than those normally used in such treatments [142]. When the potential of 16 V was
applied, the current density was only 0.26 mA c¢m™. Such a current density was high enough
to degrade all the 45.7 mg L initial phenol concentration when photoelectrocatalytic
degradation was used at a flow rate of 50 pL min™ and a light intensity of app. 2.8 mW
cm™. Usually, a much lower bias is applied for photoelectrocatalysis [162], and some authors
state that it is counterproductive to apply electrical potentials larger than 1.229 V because
of the water electrolysis reaction [163]. However, our results showed that the application
of the relatively low electrical potentials used for photoelectrocatalytic degradation is not
only decisive for degradation completion but also negligible compared to the energy
consumption needed to power the light-emitting-diode UV lights.
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Chapter 5
Conclusions

The R&D work within present thesis was focused on the development of new, highly
efficient, photo(electro)catalytic reactors that were used for degradation of model organic
compounds. Since TiO; nanotube arrays obtained by anodic oxidation process were used
as an active photocatalyst material, a systematic study of anodic oxidation process was
carried out in order to determine the optimum anodization parameters and annealing
conditions to synthesize a highly active TiO, photocatalyst. The anodic oxidation process
produces a firmly adhered/bounded photoactive material with a metallic titanium
substrate which is one of the most important advantages of the anodic oxidation process
compared to other procedures that are used for preparation of TiO, films on substrates.
This is why anodic oxidation is a very promising process for successful and cost-effective
industrial applications to produce TiO, films on a substrate. Moreover, the anodic oxidation
process enables precise control of TiO, nanotubes morphology regardless of the choice of
the titanium starting form (coli, foil, mesh).

Self-ordered, vertically aligned, TiO, nanotubes were grown on a titanium foil by the
anodic oxidation process in a viscous organic electrolyte (ethylene glycol). It was found out
that the length of TiO, nanotubes as well as annealing temperature had a great effect on
the photocatalytic activity of the TiO; nanotube films. Our results showed that longer TiO,
nanotubes (app. 40 pm), regardless of the form of the supporting titanium (coils, foils),
exhibited better photocatalytic activities compared to shorter TiO, nanotubes.
Crystallization of amorphous TiO; nanotubes after anodization was readily achieved at 450
°C for 1 hour with heating and cooling rates of 5 °C min'. After annealing fully crystallized
TiO, nanotubes were obtained with the anatase crystal structure.

The results of systematic investigation of the anodic oxidation process of various metal
titanium forms enabled us to design and assemble a new type of a continuous-flow
photo(electro)catalytic reactor. The so-called coil-type microreactor was made of anodized
titanium coils and was tested for the degradation of caffeine and phenol. The
photocatalytic, electrocatalytic, and photoelectrocatalytic degradation of the caffeine was
systematically studied under different conditions. It was found that the highest efficiency
of the microreactor was obtained when the photoelectrocatalytic process was used for the
caffeine’s degradation. The best results were obtained for an anodic bias potential of 4 V
and with two cathodes placed on each side of the active photoanode (configuration d in
Figure 18). The most suitable cathode material was determined to be titanium.

After successful testing of a coil-type microreactor with a single photoactive unit, a
scaled-up version of a microreactor with eight active units was assembled in order to
increase the flow rate of the microreactor. Due to specific design of a microreactor, scaling-
up process turned out to be relatively simple. Larger, scaled-up version of the TiO.-
nanotubes-based, coil-type, photoelectrocatalytic microreactor with one 64 mm-long
photocatalytically active unit was used to study the photocatalytic, electrocatalytic, and
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photoelectrocatalytic degradation of phenol. The results were used to describe the reaction
mechanisms and governing phenomena occurring inside the microreactor with the help of
a three-dimensional mathematical model. It was determined that the photocatalytic
reaction stops due to the increased electron—hole recombination resulting from an oxygen
deficiency. The role of the dissolved oxygen is to react with the photo-generated electrons
and therefore enables the holes to react with the water molecules and generate OHe. Our
model showed that one reacted O, results in one OH ¢ which is produced from H,O at the
positive hole. In the case of electrocatalytic degradation, there is a huge increase in the
degradation rate for external applied potentials higher than 8 V. The reason for such
behavior is the high oxidative power of the chlorine radicals that were present because
NaCl was used to regulate the phenol solution conductivity. The oxygen-depletion issue
was remedied in a photoelectrocatalytic process as the electron—hole recombination was
suppressed by the externally applied potential. Only the photoelectrocatalytic degradation
completely degraded the phenol. The limiting factor influencing the conversion rate of the
photoelectrocatalytic process was the slow diffusion transport of the species to the catalytic
wall. Therefore, the most important augmentation of the studied microreactor would be
the utilization of a narrower microchannel, which would accelerate the overall phenol
degradation process.

Our results of the degradation of caffeine and phenol clearly showed the advantages of
the photoelectrocatalytic process over the photocatalytic and/or electrocatalytic process.
The results of the photoelectrocatalytic degradation showed a strong synergistic effect
between the photocatalytic and electrocatalytic processes. It can be concluded that
photoelectrocatalysis can assure a significantly faster degradation process that can be
applied for the degradation of a variety of organic compounds that are not easily oxidized
otherwise.
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Appendix A

Mathematical Model for
Photo(electro)degradation

A.1 Finite Difference Scheme

The explicit finite difference scheme for the solution of the partial differential mass balance
equations is presented below. The indexes (inside the brackets) are represented with the
same letter as the corresponding spatial dimension. NR is the index at the non-catalytic
wall.

de; 80+D (32€i+32ci+136i)
‘\oz2 " or2 ' ror

ci(z,rt+1) = c¢;(z,r,t)
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The boundary conditions at the catalytic wall:
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The boundary conditions at the non-catalytic wall:
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65

References

[1] C.C. Kaan, A. A. Aziz, S. Ibrahim, M. Matheswaran and P. Saravanan, Heterogenous
Photocatalytic Oxidation an Effective Tool for Wastewater Treatment - A Review,
InTech, 2012.

[2] J.-M. Herrmann and E. Puzenat, Green Process Engineering, Boca Raton: CRC Press,
2015.

[3] L. T. Peternel, N. Koprivanac, A. M. Bozi¢ Lon¢ari¢ and H. M. Kusi¢, "Comparative
study of UV/TiO,, UV/ZnO and photo-Fenton processes for the organic reactive
dye degradation in aqueous solution," Journal of Hazardous Materials, vol. 148, no.
1-2, pp. 477-484, 2007.

4] J-M. Herrmann, "Photocatalysis fundamentals revisited to avoid several
misconceptions," Applied Catalysis B: Environmental, vol. 99, no. 3—4, pp. 461-468,
2010.

[5] L. Suhadolnik, A. Pohar, B. Likozar and M. Ceh, "Mechanism and kinetics of phenol
photocatalytic, electrocatalytic and photoelectrocatalytic degradation in a TiO.-
nanotube fixed-bed microreactor," Chemical Engineering Journal, vol. 303, no. pp.
292-301, 2016.

6] D. A. Panayotov, S. P. Burrows and J. R. Morris, "Photooxidation Mechanism of
Methanol on Rutile TiO, Nanoparticles," The Journal of Physical Chemistry C,
vol. 116, no. 11, pp. 6623-6635, 2012.

[7] M. Umar and H. A. Aziz, Photocatalytic Degradation of Organic Pollutants in Water,
Rijeka: InTech, 2013.

[8] M. Lazar, S. Varghese and S. Nair, "Photocatalytic Water Treatment by Titanium
Dioxide: Recent Updates," Catalysts, vol. 2, no. 4, pp. 572-601, 2012.

[9] L. Suhadolnik, M. Krivec, K. Zagar, G. Drazi¢ and M. Ceh, "A TiOs>-nanotubes-based
coil-type microreactor for highly efficient photoelectrocatalytic degradation of
organic compounds," Journal of Industrial and Engineering Chemistry, vol. 47, no.
pp. 384-390, 2017.

[10] K. Vinodgopal, U. Stafford, K. A. Gray and P. V. Kamat, "Electrochemically Assisted
Photocatalysis. 2. The Role of Oxygen and Reaction Intermediates in the
Degradation of 4-Chlorophenol on Immobilized TiO, Particulate Films," The
Journal of Physical Chemistry, vol. 98, no. 27, pp. 6797-6803, 1994.

[11] P. A. Christensen, T. P. Curtis, T. A. Egerton, S. a. M. Kosa and J. R. Tinlin,
"Photoelectrocatalytic and photocatalytic disinfection of E. coli suspensions by
titanium dioxide," Applied Catalysis B: Environmental, vol. 41, no. 4, pp. 371-386,
2003.



66 References

[12] W. Ning, C. Ngai Yui, T. Chap Hang, T. Furui and Z. Xuming, "Photocatalytic
microreactors for water purification: Selective control of oxidation pathways," in
Proceedings of The 8th Annual IEEE International Conference on Nano/Micro
Engineered and Molecular Systems, Suzhou, China: 2013.

[13] Y. Xiaoli, S. Huixiang and W. Dahui, "Photoelectrocatalytic degradation of phenol
using a TiO,/Ni thin-film electrode," Korean Journal of Chemical Engineering, vol.
20, no. 4, pp. 679-684, 2003.

[14] A. Cabeza, A. M. Urtiaga and 1. Ortiz, "Electrochemical Treatment of Landfill
Leachates Using a Boron-Doped Diamond Anode," Industrial & FEngineering
Chemistry Research, vol. 46, no. 5, pp. 1439-1446, 2007.

[15] J. Zhang and Y. Nosaka, "Mechanism of the OH Radical Generation in Photocatalysis
with TiO, of Different Crystalline Types," The Journal of Physical Chemistry C,
vol. 118, no. 20, pp. 10824-10832, 2014.

[16] S. Gligorovski, R. Strekowski, S. Barbati and D. Vione, "Environmental Implications
of Hydroxyl Radicals (« OH)," Chemical reviews, vol. 115, no. 24, pp. 13051-13092,
2015.

[17] R. W. Matthews and S. R. Mcevoy, "Photocatalytic degradation of phenol in the
presence of near-UV illuminated titanium dioxide," Journal of Photochemistry and
Photobiology A: Chemistry, vol. 64, no. 2, pp. 231-246, 1992.

[18] B. P. Chaplin, "Critical review of electrochemical advanced oxidation processes for
water treatment applications," Environmental Science: Processes & Impacts, vol.
16, no. 6, pp. 1182-1203, 2014.

[19] B. A. Pinaud, J. D. Benck, L. C. Seitz, et al., "Technical and Economic Feasibility of
Centralized Facilities for Solar Hydrogen Production via Photocatalysis and
Photoelectrochemistry," Energy € Environmental Science, vol. no. pp. Medium: X;
Size: 1983-2002, 2013.

[20] A. M. Zaky and B. P. Chaplin, "Porous Substoichiometric TiO, Anodes as Reactive
Electrochemical Membranes for Water Treatment," Environmental Science &
Technology, vol. 47, no. 12, pp. 6554-6563, 2013.

[21] J. M. Kesselman, O. Weres, N. S. Lewis and M. R. Hoffmann, "Electrochemical
Production of Hydroxyl Radical at Polycrystalline Nb-Doped TiO, Electrodes and
Estimation of the Partitioning between Hydroxyl Radical and Direct Hole
Oxidation Pathways," The Journal of Physical Chemistry B, vol. 101, no. 14, pp.
2637-2643, 1997.

[22] C. Comninellis and C. Pulgarin, "Electrochemical oxidation of phenol for wastewater
treatment using SnO,, anodes," Journal of Applied Electrochemistry, vol. 23, no. 2,
pp. 108-112, 1993.

[23] H. Sharifian and D. W. Kirk, "Electrochemical Oxidation of Phenol," Journal of The
Electrochemical Society, vol. 133, no. 5, pp. 921-924, 1986.

[24] N. Bensalah, M. F. Ahmadi and A. Gadri, "Electrochemical treatment of wastewaters
containing 4-nitrocathecol using boron-doped diamond anodes A paper submitted
to the Journal of Environmental Engineering and Science," Canadian Journal of
Civil Engineering, vol. 36, no. 4, pp. 683-689, 2009.



67

[25] V. Schmalz, T. Dittmar, D. Haaken and E. Worch, "Electrochemical disinfection of
biologically treated wastewater from small treatment systems by using boron-doped
diamond (BDD) electrodes — Contribution for direct reuse of domestic wastewater,"
Water Research, vol. 43, no. 20, pp. 5260-5266, 2009.

[26] V. Augugliaro, G. Ciardelli, L. Corsi, E. Garcia-Lopez, V. Loddo, G. Marci, L.
Palmisano and M. Schiavello, "Photocatalytic degradation of actual textile
industrial wastewater in aqueous suspensions of polycrystalline TiOs," Annali di
chimica, vol. 92, no. 9, pp. 761-770, 2002.

[27] F. Taghipour and M. Mohseni, "CFD simulation of UV photocatalytic reactors for air
treatment," AIChE Journal, vol. 51, no. 11, pp. 3039-3047, 2005.

[28] J. M. Macdk, H. Tsuchiya, A. Ghicov and P. Schmuki, "Dye-sensitized anodic TiO,
nanotubes," Electrochemistry Communications, vol. 7, no. 11, pp. 1133-1137, 2005.

[29] A. Fujishima and K. Honda, "Electrochemical Photolysis of Water at a Semiconductor
Electrode," Nature, vol. 238, no. 5358, pp. 37-38, 1972.

[30] R. Zhao, M. Xu, J. Wang and G. Chen, "A pH sensor based on the TiO, nanotube
array modified Ti electrode," Flectrochimica Acta, vol. 55, no. 20, pp. 5647-5651,
2010.

[31] H. Wu, D. Li, X. Zhu, C. Yang, D. Liu, X. Chen, Y. Song and L. Lu, "High-
performance and renewable supercapacitors based on TiO; nanotube array
electrodes treated by an electrochemical doping approach," FElectrochimica Acta,
vol. 116, no. pp. 129-136, 2014.

[32] Y. Liu and Y. Yang, "Recent Progress of TiO»-Based Anodes for Li Ion Batteries,"
Journal of Nanomaterials, vol. 2016, no. pp. 15, 2016.

[33] Z. Zhang, C. C. Wang, R. Zakaria and J. Y. Ying, '"Role of Particle Size in
Nanocrystalline TiO»-Based Photocatalysts," J. Phys. Chem. B, vol. 102, no. 52,
pp. 10871-10878, 1998.

[34] B. O'regan and M. Gratzel, "A low-cost, high-efficiency solar cell based on dye-
sensitized colloidal TiO, films," Nature, vol. 353, no. 6346, pp. 737-740, 1991.

[35] J. M. Macék, H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer and P. Schmuki,
"TiO2 nanotubes: Self-organized electrochemical formation, properties and
applications," Current Opinion in Solid State and Materials Science, vol. 11, no.
1-2, pp. 3-18, 2007.

[36] M. Paulose, K. Shankar, S. Yoriya, H. E. Prakasam, O. K. Varghese, G. K. Mor, T.
A. Latempa, A. Fitzgerald and C. A. Grimes, "Anodic Growth of Highly Ordered
TiO, Nanotube Arrays to 134 u m in Length," The Journal of Physical Chemistry
B, vol. 110, no. 33, pp. 16179-16184, 2006.

[37] Y. D. Park, K. Anabuki, S. Kim, K.-W. Park, D. H. Lee, S. H. Um, J. Kim and J. H.
Cho, "Fabrication of stable electrospun TiO; nanorods for high-performance dye-
sensitized solar cells," Macromolecular Research, vol. 21, no. 6, pp. 636-640, 2013.

[38] M. Adachi, Y. Murata, J. Takao, J. Jiu, M. Sakamoto and F. Wang, "Highly Efficient
Dye-Sensitized Solar Cells with a Titania Thin-Film Electrode Composed of a
Network Structure of Single-Crystal-like TiO, Nanowires Made by the “Oriented
Attachment” Mechanism," Journal of the American Chemical Society, vol. 126, no.
45, pp. 14943-14949, 2004.



68 References

[39] J. E. Boercker, E. Enache-Pommer and E. S. Aydil, "Growth mechanism of titanium
dioxide nanowires for dye-sensitized solar cells," Nanotechnology, vol. 19, no. 9, pp.
095604, 2008.

[40] V. Dhas, S. Muduli, S. Agarkar, A. Rana, B. Hannoyer, R. Banerjee and S. Ogale,
'"Enhanced DSSC performance with high surface area thin anatase TiO,
nanoleaves," Solar Energy, vol. 85, no. 6, pp. 1213-1219, 2011.

[41] K. Lee, D. Kim, P. Roy, I. Paramasivam, B. I. Birajdar, E. Spiecker and P. Schmuki,
"Anodic formation of thick anatase TiO, mesosponge layers for high-efficiency
photocatalysis," J Am Chem Soc, vol. 132, no. 5, pp. 1478-1479, 2010.

[42] Y. Alivov and Z. Y. Fan, "Efficiency of dye sensitized solar cells based on TiO,
nanotubes filled with nanoparticles," Applied Physics Letters, vol. 95, no. 6, pp.
063504, 2009.

[43] X. Pan, C. Chen, K. Zhu and Z. Fan, "TiO; nanotubes infiltrated with nanoparticles
for dye sensitized solar cells," Nanotechnology, vol. 22, no. 23, pp. 235402, 2011.

[44] Properties of Titanium Diozide and Its Nanoparticles, World Scientific, 2012.

[45] O. Carp, C. L. Huisman and A. Reller, "Photoinduced reactivity of titanium dioxide,"
Progress in Solid State Chemistry, vol. 32, no. 1, pp. 33-177, 2004.

[46] M. Landmann, E. Rauls and W. G. Schmidt, "The electronic structure and optical
response of rutile, anatase and brookite TiO,," Journal of Physics: Condensed
Matter, vol. 24, no. 19, pp. 195503, 2012.

[47] S. P. Albu, H. Tsuchiya, S. Fujimoto and P. Schmuki, "TiO, Nanotubes — Annealing
Effects on Detailed Morphology and Structure," Furopean Journal of Inorganic
Chemistry, vol. 2010, no. 27, pp. 4351-4356, 2010.

[48] Z. Su, L. Zhang, F. Jiang and M. Hong, "Formation of crystalline TiO, by anodic
oxidation of titanium," Progress in Natural Science: Materials International, vol.
23, no. 3, pp. 294-301, 2013.

[49] H. Zhang and J. F. Banfield, "Understanding Polymorphic Phase Transformation
Behavior during Growth of Nanocrystalline Aggregates: Insights from TiO.," The
Journal of Physical Chemistry B, vol. 104, no. 15, pp. 3481-3487, 2000.

[50] S. Liu, N. Jaffrezic and C. Guillard, "Size effects in liquid-phase photo-oxidation of
phenol using nanometer-sized TiO, catalysts," Applied Surface Science, vol. 255,
no. 5, pp. 2704-2709, 2008.

[51] T. Luttrell, S. Halpegamage, J. Tao, A. Kramer, E. Sutter and M. Batzill, "Why is
anatase a better photocatalyst than rutile? - Model studies on epitaxial TiO, films,"
Scientific Reports, vol. 4, no. 4043, pp. 1-8, 2014.

[52] M. Anpo, T. Shima, S. Kodama and Y. Kubokawa, "Photocatalytic hydrogenation of
propyne with water on small-particle titania: size quantization effects and reaction
intermediates," The Journal of Physical Chemistry, vol. 91, no. 16, pp. 4305-4310,
1987.

[53] A.J. Maira, K. L. Yeung, C. Y. Lee, P. L. Yue and C. K. Chan, "Size Effects in Gas-
Phase Photo-oxidation of Trichloroethylene Using Nanometer-Sized TiO,
Catalysts," Journal of Catalysis, vol. 192, no. 1, pp. 185-196, 2000.



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[66]

[67]

69

C. W. Lai and S. Sreekantan, "Photoelectrochemical properties of TiO, nanotube
arrays: effect of electrolyte pH and annealing temperature," Journal of
Ezxperimental Nanoscience, vol. 9, no. 3, pp. 230-239, 2014.

S. A. Norman, "Photocatalysis: Science and Technology: M. Kaneko, I. Okura (Eds.);
Springer, Heidelberg, ISBN 3-540-43473-9," Journal of Photochemistry and
Photobiology A: Chemistry, vol. 160, no. 3, pp. 225-225, 2003.

P. Zawadzki, A. B. Laursen, K. W. Jacobsen, S. Dahl and J. Rossmeisl, "Oxidative
trends of TiO,—hole trapping at anatase and rutile surfaces," FEnergy &
Environmental Science, vol. 5, no. 12, pp. 9866-9869, 2012.

A. Fujishima, X. Zhang and D. A. Tryk, "TiO, photocatalysis and related surface
phenomena," Surface Science Reports, vol. 63, no. 12, pp. 515-582, 2008.

S. K. Cushing, F. Meng, J. Zhang, B. Ding, C. K. Chen, C.-J. Chen, R.-S. Liu, A. D.
Bristow, J. Bright, P. Zheng and N. Wu, "Effects of Defects on Photocatalytic
Activity of Hydrogen-Treated Titanium Oxide Nanobelts," ACS Catalysis, vol. 7,
no. 3, pp. 1742-1748, 2017.

P. Roy, S. Berger and P. Schmuki, "TiO, Nanotubes: Synthesis and Applications,’
Angewandte Chemie International Edition, vol. 50, no. 13, pp. 2904-2939, 2011.

J. Zhang, P. Zhou, J. Liu and J. Yu, "New understanding of the difference of
photocatalytic activity among anatase, rutile and brookite TiO,," Physical
chemistry chemical physics : PCCP, vol. 16, no. 38, pp. 20382-20386, 2014.

J. Szlachetko, K. Michalow-Mauke, M. Nachtegaal and J. S4, "Determination of
conduction and valence band electronic structure of anatase and rutile TiO.,"
Journal of Chemical Sciences, vol. 126, no. 2, pp. 511-515, 2014.

C. A. Grimes and G. K. Mor, Material Properties of TiO, Nanotube Arrays:
Structural, Elemental, Mechanical, Optical and Electrical, Boston, MA: Springer
US, 2009.

X. Zhou, N. Liu and P. Schmuki, "Photocatalysis with TiO, Nanotubes: “Colorful”
Reactivity and Designing Site-Specific Photocatalytic Centers into TiO,
Nanotubes," ACS Catalysis, vol. 7, no. 5, pp. 3210-3235, 2017.

M. K. Nowotny, P. Bogdanoff, T. Dittrich, S. Fiechter, A. Fujishima and H.
Tributsch, "Observations of p-type semiconductivity in titanium dioxide at room
temperature," Materials Letters, vol. 64, no. 8, pp. 928-930, 2010.

A. Ghicov, H. Tsuchiya, J. M. Macak and P. Schmuki, "Annealing effects on the
photoresponse of TiO, nanotubes," physica status solidi (a), vol. 203, no. 4, pp.
R28-R30, 2006.

A. Tighineanu, S. P. Albu and P. Schmuki, "Conductivity of anodic TiO, nanotubes:
Influence of annealing conditions," physica status solidi (RRL) — Rapid Research
Letters, vol. 8, no. 2, pp. 158-162, 2014.

A. Kafizas, N. Noor, C. J. Carmalt and I. P. Parkin, "TiOs-based transparent
conducting oxides; the search for optimum electrical conductivity using a
combinatorial approach," Journal of Materials Chemistry C, vol. 1, no. 39, pp.
6335-6346, 2013.

J. Arana, J. M. Dona-Rodriguez, D. Portillo-Carrizo, C. Fernandez-Rodriguez, J.
Pérez-Pena, O. Gonzalez Diaz, J. A. Navio and M. Macias, "Photocatalytic



70

[69]

[72]

References

degradation of phenolic compounds with new TiO, catalysts," Applied Catalysis B:
Environmental, vol. 100, no. 1, pp. 346-354, 2010.

S. P. Albu, A. Ghicov, S. Aldabergenova, P. Drechsel, D. Leclere, G. E. Thompson,
J. M. Macak and P. Schmuki, "Formation of Double-Walled TiO, Nanotubes and
Robust Anatase Membranes," Advanced Materials, vol. 20, no. 21, pp. 4135-4139,
2008.

'Anodization of Al-Nd alloy films in nonaqueous electrolyte solutions for TFT-LCD
application," Flectrochim. Acta, vol. 47, no. 1-2, pp. 217, 2001.

F. Amano, T. Yasumoto, O.-O. Prieto-Mahaney, S. Uchida, T. Shibayama and B.
Ohtani, "Photocatalytic activity of octahedral single-crystalline mesoparticles of
anatase titanium(iv) oxide," Chemical Communications, vol. no. 17, pp. 2311-2313,
2009.

A. Y. Lozovoi, D. L. Pashov, T. J. Sheppard, J. J. Kohanoff and A. T. Paxton,
"Universal tight binding model for chemical reactions in solution and at surfaces.
III. Stoichiometric and reduced surfaces of titania and the adsorption of water,"
The Journal of Chemical Physics, vol. 141, no. 4, pp. 044505, 2014.

L. Wu, B. X. Yang, X. H. Yang, Z. G. Chen, Z. Li, H. J. Zhao, X. Q. Gong and H.
G. Yang, "On the synergistic effect of hydrohalic acids in the shape-controlled
synthesis of anatase TiOs single crystals," CrystEngComm, vol. 15, no. 17, pp. 3252-
3255, 2013.

L. Osterlund, "Structure-Reactivity Relationships of Anatase and Rutile TiO,
Nanocrystals Measured by In Situ Vibrational Spectroscopy," Solid State
Phenomena, vol. 162, no. pp. 203-219, 2010.

T. Ohno, K. Sarukawa and M. Matsumura, "Crystal faces of rutile and anatase TiO
particles and their roles in photocatalytic reactions," New Journal of Chemistry,
vol. 26, no. 9, pp. 1167-1170, 2002.

Controlled nanofabrication advances and applications, Singapore: Pan Stanford, 2012.

V. Galstyan, E. Comini, G. Faglia and G. Sberveglieri, "TiO, Nanotubes: Recent
Advances in Synthesis and Gas Sensing Properties," Sensors, vol. 13, no. 11, pp.
14813, 2013.

7. Liu, X. Zhang, S. Nishimoto, M. Jin, D. A. Tryk, T. Murakami and A. Fujishima,
'"Highly Ordered TiO, Nanotube Arrays with Controllable Length for
Photoelectrocatalytic Degradation of Phenol," The Journal of Physical Chemistry
C, vol. 112, no. 1, pp. 253-259, 2008.

J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo and D. W.
Bahnemann, "Understanding TiO, Photocatalysis: Mechanisms and Materials,’
Chemical reviews, vol. 114, no. 19, pp. 9919-9986, 2014.

M. Krivec, K. Zagar, L. Suhadolnik, M. Ceh and G. Drazi¢, "Highly Efficient TiOo-
Based Microreactor for Photocatalytic Applications," ACS Applied Materials €
Interfaces, vol. no. pp. 9088-9094, 2013.

M. E. Osugi, M. V. B. Zanoni, C. R. Chenthamarakshan, N. R. D. Tacconi, G. A.
Woldemariam, S. S. Mandal and K. Rajeshwar, "Toxicity Assessment and
Degradation of Disperse Azo Dyes by Photoelectrocatalytic Oxidation on Ti/TiO,



[82]

[83]

[84]

[85]

[36]

[89]

[90]

[92]

[93]

[94]

71

Nanotubular Array Electrodes," Journal of Advanced Ozidation Technologies, vol.
11, no. 3, pp. 425-434, 2008.

A. A. Ismail and D. W. Bahnemann, "Mesostructured Pt/TiO, Nanocomposites as

Highly Active Photocatalysts for the Photooxidation of Dichloroacetic Acid," The
Journal of Physical Chemistry C, vol. 115, no. 13, pp. 5784-5791, 2011.

X. Z. Li and F. B. Li, "Study of Au/Au*-TiO, Photocatalysts toward Visible
Photooxidation for Water and Wastewater Treatment," Environmental Science &
Technology, vol. 35, no. 11, pp. 2381-2387, 2001.

M. Soékmen, D. W. Allen, F. Akkag, N. Kartal and F. Acar, "Photo-Degradation of

Some Dyes using Ag-Loaded Titaniumdioxide," Water, Air, & Soil Pollution, vol.
132, no. 1, pp. 153-163, 2001.

G. Colén, M. Maicu, M. C. Hidalgo and J. A. Navio, "Cu-doped TiO. systems with

improved photocatalytic activity," Applied Catalysis B: Environmental, vol. 67, no.
1, pp. 41-51, 2006.

J. Zhu, W. Zheng, B. He, J. Zhang and M. Anpo, "Characterization of Fe-TiO,
photocatalysts synthesized by hydrothermal method and their photocatalytic
reactivity for photodegradation of XRG dye diluted in water," Journal of Molecular
Catalysis A: Chemical, vol. 216, no. 1, pp. 35-43, 2004.

C. J. Philippopoulos and M. D. Nikolaki, Photocatalytic Processes on the Oxidation

of Organic Compounds in Water, Rijeka: InTech, 2010.

S. N. Basahel, K. Lee, R. Hahn, P. Schmuki, S. M. Bawaked and S. A. Al-Thabaiti,

"'Self-decoration of Pt metal particles on TiO, nanotubes used for highly efficient
photocatalytic H2 production," Chemical communications (Cambridge, England),
vol. 50, no. 46, pp. 6123-6125, 2014.

C. He, Y. Xiong and X. Zhu, "A novel method for improving photocatalytic activity

of TiO, film: the combination of Ag deposition with application of external electric
field," Thin Solid Films, vol. 422, no. 1, pp. 235-238, 2002.

T. An, X. Zhu and Y. Xiong, "Synergic degradation of reactive brilliant red X-3B

using three dimension electrode-photocatalytic reactor," Journal of Environmental
Science and Health, Part A, vol. 36, no. 10, pp. 2069-2082, 2001.

J. M. Macak, H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer and P. Schmuki,

'TiOs nanotubes: Self-organized electrochemical formation, properties and
applications," Current Opinion in Solid State and Materials Science, vol. 11, no. 1,
pp. 3-18, 2007.

D. Gong, C. A. Grimes, O. K. Varghese, W. Hu, R. S. Singh, Z. Chen and E. C.

Dickey, "Titanium oxide nanotube arrays prepared by anodic oxidation," Journal
of Materials Research, vol. 16, no. 12, pp. 3331-3334, 2011.

J. M. Macék, H. Tsuchiya and P. Schmuki, "High-Aspect-Ratio TiO, Nanotubes by

Anodization of Titanium," Angewandte Chemie International Fdition, vol. 44, no.
14, pp. 2100-2102, 2005.

H. Yin, H. Liu and W. Z. Shen, "The large diameter and fast growth of self-organized

TiO; nanotube arrays achieved via electrochemical anodization," Nanotechnology,
vol. 21, no. 3, pp. 035601, 2010.



72 References

[95] L. Suhadolnik, I. Jerman, A. Kujan, K. Zagar, M. Krivec and M. Ceh, "Morphological,
optical and electrical characterization of titania-nanotubes-based dye-sensitized
solar cells," Solar Energy, vol. 127, no. pp. 232-238, 2016.

[96] O. K. Varghese, D. Gong, M. Paulose, C. A. Grimes and E. C. Dickey, "Crystallization
and high-temperature structural stability of titanium oxide nanotube arrays,"
Journal of Materials Research, vol. 18, no. 1, pp. 156-165, 2011.

[97] Q. a. S. Nguyen, Y. V. Bhargava, V. R. Radmilovic and T. M. Devine, "Structural
study of electrochemically synthesized TiO» nanotubes via cross-sectional and high-
resolution TEM," Electrochimica Acta, vol. 54, no. 18, pp. 4340-4344, 2009.

[98] M. Paulose, H. E. Prakasam, O. K. Varghese, L. Peng, K. C. Popat, G. K. Mor, T.
A. Desai and C. A. Grimes, "TiO, Nanotube Arrays of 1000 um Length by
Anodization of Titanium Foil: Phenol Red Diffusion," The Journal of Physical
Chemistry C, vol. 111, no. 41, pp. 14992-14997, 2007.

[99] C. Adan, J. Marugan, E. Sianchez, C. Pablos and R. Van Grieken, "Understanding
the effect of morphology on the photocatalytic activity of TiO, nanotube array
electrodes," Electrochimica Acta, vol. 191, no. pp. 521-529, 2016.

[100] K. Yasuda, J. M. Macak, S. Berger, A. Ghicov and P. Schmuki, "Mechanistic Aspects
of the Self-Organization Process for Oxide Nanotube Formation on Valve Metals,"
Journal of The Electrochemical Society, vol. 154, no. 9, pp. C472-C478, 2007.

[101] J. Marugén, R. Van Grieken, C. Pablos, C. Adan and R. Timmers, "Determination
of Photochemical, Electrochemical and Photoelectrochemical Efficiencies in a
Photoelectrocatalytic Reactor," International Journal of Chemical Reactor
Engineering, vol. 11, no. 2, pp. 787, 2013.

[102] H. Lindstrom, R. Wootton and A. Iles, "High surface area titania photocatalytic
microfluidic reactors," AIChE Journal, vol. 53, no. 3, pp. 695-702, 2007.

[103] M. Umar and H. A. Aziz, Photocatalytic Degradation of Organic Pollutants in Water,
Rijeka: InTech, 2013.

[104] M. Saquib and M. Muneer, 'TiOsmediated photocatalytic degradation of a
triphenylmethane dye (gentian violet), in aqueous suspensions," Dyes and
Pigments, vol. 56, no. 1, pp. 37-49, 2003.

[105] D. Spasiano, R. Marotta, S. Malato, P. Fernandez-Ibaniez and 1. Di Somma, "Solar
photocatalysis: Materials, reactors, some commercial, and pre-industrialized
applications. A comprehensive approach," Applied Catalysis B: Environmental, vol.
170, no. pp. 90-123, 2015.

[106] M. R. Hoffmann, S. T. Martin, W. Choi and D. W. Bahnemann, "Environmental
Applications of Semiconductor Photocatalysis," Chemical reviews, vol. 95, no. 1,
pp. 69-96, 1995.

[107] T. Preocanin and N. Kallay, " Point of zero charge and surface charge density of
TiO; in aqueous electrolyte solution as obtained by potentiometric mass titration,"
Croatica Chemica Acta, vol. 79, no. pp. 95-106, 2006.

[108] J. Sun, X. Wang, J. Sun, R. Sun, S. Sun and L. Qiao, "Photocatalytic degradation
and kinetics of Orange G using nano-sized Sn(IV)/TiO,/AC photocatalyst,"
Journal of Molecular Catalysis A: Chemical, vol. 260, no. 1, pp. 241-246, 2006.



109

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117)

[118]

[119]

[120]

[121]

73

M. N. Chong, B. Jin, C. W. K. Chow and C. Saint, "Recent developments in
photocatalytic water treatment technology: A review," Water Research, vol. 44,
no. 10, pp. 2997-3027, 2010.

M. Krivec, R. Dillert, D. W. Bahnemann, A. Mehle, J. Strancar and G. Drazic, "The
nature of chlorine-inhibition of photocatalytic degradation of dichloroacetic acid in
a TiOz-based microreactor," Physical chemistry chemical physics : PCCP, vol. 16,
no. 28, pp. 14867-14873, 2014.

J.-M. Herrmann, "Photocatalysis fundamentals revisited to avoid several
misconceptions," Applied Catalysis B: Environmental, vol. 99, no. 3, pp. 461-468,
2010.

M. Salaices, B. Serrano and H. I. De Lasa, "Photocatalytic Conversion of Organic
Pollutants Extinction Coefficients and Quantum Efficiencies," Industrial &
Engineering Chemistry Research, vol. 40, no. 23, pp. 5455-5464, 2001.

H. Kisch and D. Bahnemann, "Best Practice in Photocatalysis: Comparing Rates or

Apparent Quantum Yields?," The Journal of Physical Chemistry Letters, vol. 6,
no. 10, pp. 1907-1910, 2015.
K. Vinodgopal, S. Hotchandani and P. V. Kamat, "Electrochemically assisted
photocatalysis: titania particulate film electrodes for photocatalytic degradation of
4-chlorophenol," The Journal of Physical Chemistry, vol. 97, no. 35, pp. 9040-9044,
1993.

D. D. Dionysiou, G. Balasubramanian, M. T. Suidan, A. P. Khodadoust, I. Baudin
and J. M. Lainé, '"Rotating disk photocatalytic reactor: development,
characterization, and evaluation for the destruction of organic pollutants in water,"
Water Research, vol. 34, no. 11, pp. 2927-2940, 2000.

R. Goslich, R. H. G. Dillert and D. W. Bahnemann, "Solar water treatment:
Principles and reactors," Water Science and Technology, vol. 35, no. 4, pp. 137-
148, 1997.

M. Van Well, R. H. G. Dillert, D. W. Bahnemann, V. W. Benz and M. A. Mueller,
"A novel non-concentrating reactor for solar water detoxification," Journal of Solar
Energy Engineering, vol. 119, no. 2, pp. 114-119, 1997.

A. K. Ray and A. a. C. M. Beenackers, "Novel swirl-flow reactor for kinetic studies
of semiconductor photocatalysis," AIChE Journal, vol. 43, no. 10, pp. 2571-2578,
1997.

M. Kete, O. Pliekhova, L. Matoh and U. L. Stangar, '"Design and evaluation of a
compact photocatalytic reactor for water treatment," Environmental science and
pollution research international, vol. no. pp. 2017.

V. Augugliaro, M. Litter, L. Palmisano and J. Soria, "The combination of
heterogeneous photocatalysis with chemical and physical operations: A tool for
improving the photoprocess performance," Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, vol. 7, no. 4, pp. 127-144, 2007.

M. N. Kashid and L. Kiwi-Minsker, "Microstructured Reactors for Multiphase
Reactions: State of the Art," Industrial & Engineering Chemistry Research, vol.
48, no. 14, pp. 6465-6485, 20009.



74 References

[122] V. Augugliaro, M. Litter, L. Palmisano and J. Soria, '"The combination of
heterogeneous photocatalysis with chemical and physical operations: A tool for
improving the photoprocess performance," Journal of Photochemistry and
Photobiology C: Photochemistry Reviews, vol. 7, no. 4, pp. 127-144, 2006.

[123] D. M. Blake, Bibliography of Work on the Heterogeneous Photocatalytic Removal of
Hazardous Compounds from Water and Air: to October 2001, Golden: National
Renewable Energy Laboratory, 1999.

[124] H. De Lasa, B. Serrano and M. Salaices, Novel Photocatalytic Reactors for Water
and Air Treatment, New York: Springer, 2005.

[125] K. Ewa and R. Sven, "Photoreactors for Wastewater Treatment: A Review," Recent
Patents on Engineering, vol. 4, no. 3, pp. 242-266, 2010.

[126] M. Birnie, S. Riffat and M. Gillott, "Photocatalytic reactors: design for effective air
purification," International Journal of Low-Carbon Technologies, vol. 1, no. 1, pp.
47-58, 2006.

[127) M. Lazar, S. Varghese and S. Nair, "Photocatalytic Water Treatment by Titanium
Dioxide: Recent Updates," Catalysts, vol. 2, no. 4, pp. 572, 2012.

[128] N. Chekir, H. Boukendakdji, S. Igoud and W. Taane, "Solar Energy for the Benefit
of Water Treatment: Solar Photoreactor," Procedia Engineering, vol. 33, no. pp.
174-180, 2012.

[129] C. Mccullagh, P. K. J. Robertson, M. Adams, P. M. Pollard and A. Mohammed,
'"Development of a slurry continuous flow reactor for photocatalytic treatment of
industrial waste water," Journal of Photochemistry and Photobiology A: Chemistry,
vol. 211, no. 1, pp. 42-46, 2010.

[130] S. Teekateerawej, J. Nishino and Y. Nosaka, "Photocatalytic microreactor study
using TiOs-coated porous ceramics," Journal of Applied Electrochemistry, vol. 35,
no. 7, pp. 693-697, 2005.

[131] J. Taranto, D. Frochot and P. Pichat, "Photocatalytic air purification: Comparative
efficacy and pressure drop of a TiO2>-coated thin mesh and a honeycomb monolith
at high air velocities using a 0.4m? close-loop reactor," Separation and Purification
Technology, vol. 67, no. 2, pp. 187-193, 2009.

[132] S.-Y. Lee and S.-J. Park, "TiO. photocatalyst for water treatment applications,"
Journal of Industrial and Engineering Chemistry, vol. 19, no. 6, pp. 1761-17609,
2013.

[133] X. Lang, X. Chen and J. Zhao, "Heterogeneous visible light photocatalysis for
selective organic transformations," Chem Soc Rev, vol. 43, no. 1, pp. 473-486, 2014.

[134] K. Nagaveni, G. Sivalingam, M. S. Hegde and G. Madras, "Photocatalytic
Degradation of Organic Compounds over Combustion-Synthesized Nano-TiO,,"
Environmental Science & Technology, vol. 38, no. 5, pp. 1600-1604, 2004.

[135] M. S. Siboni, M. R. Samarghandi, J. K. Yang and S. M. Lee, "Photocatalytic removal
of cyanide with illuminated TiO,," Water science and technology : a journal of the
International Association on Water Pollution Research, vol. 64, no. 7, pp. 1383-
1387, 2011.



75

[136] C. Hu, J. Guo, J. Qu and X. Hu, "Photocatalytic Degradation of Pathogenic Bacteria

[137]

[138)]

[139)]

[140]

[141]

142]

[143]

[144]

[145)

[146]

[147]

[148]

with Agl/TiO, under Visible Light Irradiation," Langmuir, vol. 23, no. 9, pp. 4982-
4987, 2007.

M. I. Litter, "Last advances on TiOs-photocatalytic removal of chromium, uranium

and arsenic," Current Opinion in Green and Sustainable Chemistry, vol. 6, no. pp.
150-158, 2017.
J.-M. Herrmann, "Heterogeneous photocatalysis: state of the art and present
applications In honor of Pr. R.L. Burwell Jr. (1912-2003), Former Head of Ipatieff
Laboratories, Northwestern University, Evanston (Ill),"
34, no. 1, pp. 49-65, 2005.

M. G. Antoniou, C. Zhao, K. E. O'shea, G. Zhang, D. D. Dionysiou, C. Zhao, C.
Han, M. N. Nadagouda, H. Choi, T. Fotiou, T. M. Triantis and A. Hiskia,

Photocatalytic Degradation of Organic Contaminants in  Water: Process

Topics in Catalysis, vol.

Optimization and Degradation Pathways, The Royal Society of Chemistry, 2016.

A. V. Emeline, X. Zhang, T. Murakami and A. Fujishima, "Activity and selectivity
of photocatalysts in photodegradation of phenols," Journal of Hazardous Materials,
vol. 211, no. pp. 154-160, 2012.

B. Czech and K. Rubinowska, "TiOs-assisted photocatalytic degradation of
diclofenac, metoprolol, estrone and chloramphenicol as endocrine disruptors in
water," Adsorption, vol. 19, no. 2, pp. 619-630, 2013.

J. Michatlowicz and W. Duda, "Phenols - Sources and toxicity," Polish Journal of
Environmental Studies, vol. 16, no. 3, pp. 347-362, 2007.

M. Zhou, Z. Wu and D. Wang, "Electrocatalytic degradation of phenol in acidic and
saline wastewater," Journal of Environmental Science and Health, Part A, vol. 37,
no. 7, pp. 1263-1275, 2002.

H. Langhals, "Color Chemistry. Synthesis, Properties and Applications of Organic
Dyes and Pigments. 3rd revised edition. By Heinrich Zollinger,"
Chemie International FEdition, vol. 43, no. 40, pp. 5291-5292, 2004.

Y. He, N. B. Sutton, H. H. H. Rijnaarts and A. a. M. Langenhoff, "Degradation of

pharmaceuticals in wastewater using immobilized TiO, photocatalysis under

Angewandte

simulated solar irradiation," Applied Catalysis B: Environmental, vol. 182, no. pp.
132-141, 2016.

M. F. Garcia-Montoya, S. Gutiérrez-Granados, A. Alatorre-Ordaz, R. Galindo, R.
Ornelas and J. M. Peralta-Hernédndez, "Application of electrochemical/BDD
process for the treatment wastewater effluents containing pharmaceutical
compounds," Journal of Industrial and Engineering Chemistry, vol. 31, no. pp. 238-
243, 2015.

T. Fang, L. Liao, X. Xu, J. Peng and Y. Jing, "Removal of COD and colour in real
pharmaceutical wastewater by photoelectrocatalytic oxidation method,"
Environmental technology, vol. 34, no. 5-8, pp. 779-786, 2013.

M. Isidori, M. Lavorgna, C. Russo, et al., "Chemical and toxicological
characterisation of anticancer drugs in hospital and municipal wastewaters from

Slovenia and Spain," Environmental Pollution, vol. 219, no. pp. 275-287, 2016.



76

149
[150]

[151]

[152]

[153]

[154]

[155)

[156]

[157]

[158]

159

[160]
[161]

[162]

163

References

P. Lianos, S. Sfaelou and L.-C. Pop, Photocatalysis and Photoelectrocatalysis for
Energy Generation Using PhotoFuelCells, The Royal Society of Chemistry, 2016.
D. I. Kondarides and X. E. Verykios, Photocatalytic Production of Renewable
Hydrogen A2 - Triantafyllidis, Kostas S, Amsterdam: Elsevier, 2013.

M. Krivec, A. Pohar, B. Likozar and G. Drazi¢, "Hydrodynamics, mass transfer, and
photocatalytic phenol selective oxidation reaction kinetics in a fixed TiO,
microreactor," AIChE Journal, vol. 61, no. 2, pp. 572-581, 2015.

S. So, K. Lee and P. Schmuki, "Ultrafast Growth of Highly Ordered Anodic TiO:
Nanotubes in Lactic Acid Electrolytes," Journal of the American Chemical Society,
vol. 134, no. 28, pp. 11316-11318, 2012.

A. G. Kontos, A. Katsanaki, T. Maggos, V. Likodimos, A. Ghicov, D. Kim, J. Kunze,
C. Vasilakos, P. Schmuki and P. Falaras, "Photocatalytic degradation of gas
pollutants on self-assembled titania nanotubes," Chemical Physics Letters, vol. 490,
no. 1, pp. 58-62, 2010.

H.-C. Liang and X.-Z. Li, "Effects of structure of anodic TiO, nanotube arrays on
photocatalytic activity for the degradation of 2,3-dichlorophenol in aqueous
solution," Journal of Hazardous Materials, vol. 162, no. 2, pp. 1415-1422, 2009.

B. Mario and E. Wolfgang, "Mixed Phase Anatase/rutile Titanium Dioxide
Nanotubes for Enhanced Photocatalytic Degradation of Methylene-blue," Nano-
Micro Lett., vol. 3, no. 4, pp. 236, 2011.

D. S. Muggli and L. Ding, "Photocatalytic performance of sulfated TiO, and Degussa

P-25 TiO, during oxidation of organics," Applied Catalysis B: Environmental, vol.
32, no. 3, pp. 181-194, 2001.
T.-F. Wu, W.-C. Lin, Y.-C. Hsiao, C.-H. Su, C.-C. Hu, C.-P. Huang and R.
Muniyandi, "Electrochemical Photocatalytic Degradation of Orange G Using TiO,
Films Prepared by Cathodic Deposition," Journal of The Electrochemical Society,
vol. 161, no. 12, pp. H762-H769, 2014.

X. Quan, S. Yang, X. Ruan and H. Zhao, "Preparation of Titania Nanotubes and
Their Environmental Applications as Electrode," Environmental Science &
Technology, vol. 39, no. 10, pp. 3770-3775, 2005.

X. Quan, S. Chen, J. Su, J. Chen and G. Chen, "Synergetic degradation of 2,4-D by
integrated photo- and electrochemical catalysis on a Pt doped TiO,/Ti electrode,"
Separation and Purification Technology, vol. 34, no. 1, pp. 73-79, 2004.

M. A. Siddiqi and K. Lucas, "Correlations for prediction of diffusion in liquids," The
Canadian Journal of Chemical Engineering, vol. 64, no. 5, pp. 839-843, 1986.

C. R. Wilke and P. Chang, "Correlation of diffusion coefficients in dilute solutions,"
AIChE Journal, vol. 1, no. 2, pp. 264-270, 1955.

Z. Zhang, Yuan, G. Shi, Y. Fang, L. Liang, H. Ding and L. Jin, "Photoelectrocatalytic
Activity of Highly Ordered TiO, Nanotube Arrays Electrode for Azo Dye
Degradation," Environmental Science € Technology, vol. 41, no. 17, pp. 6259-6263,
2007.

F. E. Osterloh and B. A. Parkinson, "Recent developments in solar water-splitting
photocatalysis," MRS Bulletin, vol. 36, no. 1, pp. 17-22, 2011.



T

Bibliography

Journal Articles

L. Suhadolnik, A. Pohar, B. Likozar and M. Ceh, "Mechanism and kinetics of phenol
photocatalytic, electrocatalytic and photoelectrocatalytic degradation in a TiO2-
nanotube fixed-bed microreactor," The Chemical engineering journal, vol. 303, pp.
292-301, 2016.

L. Suhadolnik, M. Krivec, K. Zagar, G. Drazi¢ and M. Ceh, "A TiOs-nanotubes-based coil-
type microreactor for highly efficient photoelectrocatalytic degradation of organic
compounds," Journal of industrial and engineering chemistry, vol. 47, pp. 384-390,
2017.

L. Suhadolnik, I. Jerman, A. Kujan, K. Zagar, M. Krivec and M. Ceh, "Morphological,
optical and electrical characterization of titania-nanotubes-based dye-sensitized solar
cells," Solar energy, vol. 127, pp. 232-238, 2016.

M. Krivec, K. Zagar, L. Suhadolnik, M. Ceh and G. Drazié¢, "A highly efficient TiO»-based
microreactor for photocatalytic applications," SACS applied materials € interfaces,
vol. 5, no. 18, pp. 9088-9094, 2013.

Conference Papers

L. Suhadolnik, A. Pohar, B. Likozar and M. Ceh, "Optimization and characterization of a
continuous flow photoelectrocatalytic coil-type microreactor," in Book of abstracts of
the 20th International Conference on Semiconductor Photocatalysis and Solar Energy
Conversion, San Diego, California, USA: Redox Technologies Inc., 2015.

L. Suhadolnik, M. Krivec, K. Zagar, G. Drazi¢ and M. Ceh, "Optimization of photocatalytic
reactor based on TiO, photoactive nanotubes," in Program and abstract book of the
9th Young research’s day, Ljubljana, Slovenia: Institut Jozef Stefan, 2015.

L. Suhadolnik and M. Ceh, "Design and development of novel titania nanotubes based
photo(electro)catalytic reactor," in Proceedings of the 9th JoZef Stefan International
Postgraduate School Student’s Conference and 11th Young researchers’ Day,
Ljubljana, Slovenia: Mednarodna podiplomska Sola Jozefa Stefana, 2017.

L. Suhadolnik, I. Jerman, A. Kujan, K. Zagar and M. Ceh, "The use of the TiO, nanotubes
arrays for photoanodes in dye-sensitized solar cells," in Conference program of
Materials Challenges in Alternative € Renewable Enerqgy, Clearwater, Florida, USA:
The American Ceramic Society, 2014.

M. Krivec, L. Suhadolnik, K. Zagar, M. Ceh and G. Drazi¢, "TiO»-based microreactor for
photocatalytic applications," in Proceedings of the 3rd FEuropean Conference on
Environmental Applications of Advanced Oxidation Processes, Almeria, Spain:
Universidad de Almeria, 2013.

M. Krivec, L. Suhadolnik, K. Zagar, M. Ceh and G. Drazi¢, "Photocatalytic water
treatment with TiO,: slurry reactor vs. microreactor," in Proceedings of the 5th JoZef



78 Bibliography

Stefan International Postgraduate School Student’s Conference, Ljubljana, Slovenia:
Mednarodna podiplomska Sola Jozefa Stefana, 2013.

M. Gec, M. Krivec, K. Zagar, L. Suhadolnik, D. Jenko, G. Drazi¢ and M. Ceh, "Comparison
of TEM lamella preparation techniques on titania nanotube-arrays/metal Ti
interface," in Proceedings of the Microscopy Conference 2013, Regenburg, Germany:
University of Regenburg, 2013.

M. Ceh, M. Jeri¢, K. Zagar, L. Suhadolnik, S. Sturm, S. Bernik, M. Kogir, C. Ow-Yang
and M. A. Giilgiin, "Investigation of interfaces and internal boundaries in oxides for
energy applications," in Program and book of abstracts of Macan meeting, Diisseldorf,
Germany: Max-Planck institut Fiir Eisenforschung, 2014.

K. Zagar, L. Suhadolnik, C. Fabrega, F. Ramirez-Hernandez, J. D. Prades, J. R. Morante
and M. Ceh, "1D nanostructures and 3D vertically aligned nanostructured arrays for
sensing applications," in Book of abstracts of NANOAPP 2017, Nanomaterials and
Application, Bled, Slovenia: IOS, Institute for Environmental Protection and Sensors,
2017.

Other Publications

L. Suhadolnik, M. Krivec, M. Ceh, K. Zagar and G. Drazi¢, 'Reactor," patentna prijava
PCT/EP2014/069011, Miinchen: European Patent Office, 5. sep. 2014.

L. Suhadolnik, M. Krivec, M. Ceh, K. Zagar and G. Drazié¢, "Reaktor," patent SI 24802 A,
Ljubljana: Urad RS za intelektualno lastnino, 31. mar. 2016.



79

Biography

The author of this thesis, Luka Suhadolnik, was born on February 27 1989 in Ljubljana, Slovenia.
After graduating from Gymnasium Ledina in 2008 he enrolled the bachelor study at the University
of Ljubljana, Faculty of Natural and Technical Sciences at the Department of Materials and
Metallurgy. He defended his bachelor thesis in 2013 entitled: “Optimization of TiO; nanotubes based
dye-sensitized solar cells” and was awarded the title Bachelor of Materials Science and Metallurgy.

In 2014, he enrolled into the Jozef Stefan International Postgraduate School, Nanosciences and
Nanotechnologies programme. The topic of his research was design and development of TiO,
nanotubes based photo(electro)catalytic reactors for water and air purification. From October 2015
to May 2016 he spent eight months at Francisco Zaera Surface Group, Department of Chemistry,
University of California, Riverside, United States, where he worked on the synthesis of yolk-shell
heterogeneous tandem catalyst under the supervision of Distinguished Prof. Francisco Zaera. In 2016,
he was awarded the third price in the young researchers’ oral presentation competition at the 24th
International Conference on Materials and Technology in Portoroz, Slovenia. In the same year he
presented his work at the Science Slam and was invited to hold a scientific presentation of his work
at the Slovenian National TV. During his PhD studies he collaborated with different industrial
partners and was awarded the Climate-KIC accelerator programme in 2016 and 2017. In the
framework of Climate-KIC accelerators he promoted both the business and technological part of his
technology which was possible due to the Climate-KIC extensive international network, education,
coaching, and financial support. In 2017, he won the first prize for his inventive/innovative project
entitled NanoAirPur: Nanotubes-based Air Purification System at the 10th International Technology
Transfer Conference in Ljubljana, Slovenia. His scientific papers were cited more than 35 times and
he has filed two patent applications.



