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Abstract

This work entitled «Zr/Cu-TiO- catalysts for photocatalytic water treatment»
tackles a problem of tons of dyes discharged everyday mainly from textile industries.
This is a huge concern because of dyes persistence, toxicity and potential to the
bioaccumulation in living organisms. Here, a small contribution to overall problem
IS presented.

The research work consists of three main parts: Theoretical background,
Experimental and Results and discussion. In the Theoretical background chapter the
overall problem is identified and discussed. The main water treatment techniques are
presented briefly with their advantages and drawbacks. Photocatalysis assisted with
TiO2 is shown as an alternative additional technique with its own pros and cons.
Further, a cursory overview of TiO> modification techniques is made and advantages
in using copper and zirconium oxides for TiO> modification are presented. The
reason and possible positive effect of using of two oxides simultaneously for TiO;
modification is indicated. Additionally, a positive impact of solar light for overall
rate of dyes degradation assisted with TiO2 is discussed. Within the framework of
photosensitization effect, the problem of using dyes for assessment of photocatalytic
properties of materials under the visible light is touched on. Photothermal methods as
possible beneficial techniques for this purpose are proposed.

In the Experimental chapter, all experimental techniques used in current
research work with the technical details specific for the research work are presented.
There are methods of materials preparation, photocatalytic tests under different
conditions and varying model pollutants, and physico-chemical characterization
techniques.

The Results and discussion chapter is divided by three subchapters. Each
chapter is dedicated to one hypothesis, which was checked and confirmed or
disproved. The first hypothesis is about beneficial loading of copper and zirconium
oxides to TiO,. After numerous experiments held, it was concluded that the pair of
copper and zirconium oxides is beneficial for simultaneous application on TiO;
surface to promote its performance.

The second subchapter is about zirconium distribution and its impact on the
activity of studied materials towards the antraquinone dye Reactive Blue 19.
Different techniques such as XRD, TEM, EXAFS and many others were used in
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order to characterize the materials and to understand the details of the processes
taking place. The existence of upper limit of copper oxide loading for its beneficial
effect on TiO> performance was demonstrated. It was observed that zirconium
species loading leads to improvement in performance of materials with higher copper
loading, which otherwise lowers activity of TiOz — this is in case when copper only
above its optimal level is present. It was concluded that zirconium oxide containing
species occupy rutile surface sites in mixed phase TiO; and this way beneficially
influence the material performance towards the dye removal.

The third subchapter is about the visible light TiO. assisted dye degradation.
It is well known that photosensitization mechanism of dye degradation appears under
the visible and as a consequence under the solar light irradiation. This leads to the
overall enhancement of dyes degradation, which is positive and may be used as a
benefit for faster pollutant destruction. However, this fact leads to mishmash in the
determination of real photocatalytic activity of materials towards the dye. It was
hypothesized that the impact of photosensitization mechanism on the overall material
performance against Reactive blue 19 dye (RB19) descends with the dye
concentration lowering. Thermal lens spectrometry (TLS) which is sensitive to
chemicals at low concentrations was used for hypothesis evaluation.

To summarize the research work achievements, the conclusions of the thesis

are given at the end.

Key words: titanium dioxide, photocatalysis, zirconium/copper, surface

modification, water treatment, dyes



Povzetek

Doktorsko delo z naslovom Zr/Cu-TiO> katalizatorji za fotokatalitsko
¢iS¢enje vode obravnava problematiko odpadnih barvil, ki jih v velikih koli¢inah
odlaga predvsem tekstilna industrija. Slednje vzbuja skrb zaradi njihove
trdovratnosti, toksi¢nosti in moznosti bioakumulacije v zivih organizmih. V
nadaljevanju bo predstavljen majhen prispevek k celotni problematiki.

Raziskovalno delo sestoji iz treh glavnih delov: teoreticnega ozadja,
eksperimentalnega dela ter rezultatov in razprave. Teoreti¢ni del predstavi celotno
problematiko in o njej razpravlja. V tem poglavju so na kratko predstavljene
prednosti in pomanjkljivosti tehnik ¢is¢enja vode. Prikazana je tudi TiO,-fotokataliza
kot alternativna pomozna tehnika s svojimi prednostmi in slabostmi. Sledi splosen
pregled tehnik za modificiranje TiO> ter predstavitev prednosti pri uporabi bakra in
cirkonija pri modifikaciji TiO2. Nakazan je tudi razlog za simultano uporabo dveh
oksidov v modifikaciji TiO2 ter mozni pozitivni ucinki. Obravnavan je pozitivni
ucinek soncne svetlobe na celokupno stopnjo razpada barvil v prisotnosti TiO2. V
okviru ucinka fotoobcutljivosti je obravnavan tudi problem uporabe barvil pri oceni
fotokataliticnih lastnosti materialov pod vplivom vidne svetlobe. V tem oziru se kot
primernejsSe predlagajo fototermicne metode.

V eksperimentalnem delu so predstavljene vse eksperimentalne tehnike, ki
sem jih uporabila v raziskovalnem delu, skupaj s tehni¢nimi podrobnostmi, ki so
pomembne za raziskavo. V tem poglavju so predstavljene metode priprave
materialov, fotokataliti¢ni testi, opravljeni pod razliénimi pogoji in s spremenljivimi
modelnimi onesnazevali, ter tehnike fizikalno-kemijske karakterizacije.

Poglavje Rezultati in razprava se deli na tri podpoglavja, od katerih se vsako
posveca svoji hipotezi, ki je bila preverjena in potrjena ali ovrzena. Prva hipoteza se
nanasa na ugoden vnos bakrovega in cirkonijevega oksida v sintezi TiO2. Po
opravljenih $tevilnih poskusih sem lahko zakljucila, da sta bakrov in cirkonijev oksid
ugoden par za hkratno modifikacijo povrsine TiO. pri spodbujevanju njegovega
delovanja.

Drugo podpoglavje se nanasa na razporeditev cirkonija in njegov vpliv na
aktivnost obravnavanih materialov glede na antrakinonsko barvilo Reactive Blue 19.
Za karakterizacijo materialov in razumevanje podrobnosti procesov sem uporabila
razli¢ne tehnike, kot so XRD, TEM, EXAFS in druge. Dokazana je bila najvi§ja meja
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vnosa bakrovega oksida, ko Se ugodno vpliva na delovanje TiO>. Opaziti je bilo, da
dodatek cirkonija vodi k izboljsanju delovanja materialov z visoko vsebnostjo bakra,
ki pa drugace znizuje aktivnost TiO2 — to se zgodi v primeru, ko je baker prisoten v
rahlem presezku glede na njegovo optimalno raven. Ugotovili smo, da zvrsti, ki
vsebujejo cirkonijev oksid, zaseZzejo povrSine rutila v dvofaznem TiO. in tako
ugodno vplivajo pri delovanju materiala na barvilo.

Tretje podpoglavje se nanaSa na razpad barvila pod vplivom TiO2 in vidne
svetlobe. Znano je, da se mehanizem fotoobcutljivosti pri razpadu barvila pokaze pri
obsevanju z vidno in posledi¢no tudi s son¢no svetlobo. To vodi k celokupnemu
ojacenju razpada barvila, kar ima pozitivne vidike in se lahko dobro uporablja pri
hitrejSemu odstranjevanju onesnazevala, po drugi strani pa to vodi v nepravilnosti pri
dolocanju pravih fotokataliticnih aktivnosti materialov na barvilo. Predvidevali smo,
da se vpliv mehanizma fotoobcutljivosti na celokupno delovanje materiala na barvilo
Reactive blue 19 (RB19) znizuje skupaj z zmanj$evanjem koncentracije barvila. Pri
ovrednotenju te hipoteze smo uporabili tehniko spektrometrije termi¢nih le¢ (TLS),
ki je obcutljiva na nizke koncentracije kemikalij.

Dosezki raziskovalnega dela so povzeti v zakljuckih na koncu naloge.

Kljuéne besede: titanov dioksid, fotokataliza, cirkonij/baker, modifikacija

povrsine, ¢iS¢enje vode, barvila
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INTRODUCTION

Since the industrial revolution, escalating rate of production of numerous
goods has been observed. As a result, the humanity has accumulated huge amount of
waste with adverse influence on nature, making the problem of environmental
pollution more pronounced every year.

Natural water resources are involved in large number of production cycles.
Considering limited amount of water on the Earth, it suffers from pollution to a great
extent (MacKenzie 2010). In 2016, the water crisis was determined as the global risk
of highest concern for people and economies for the next ten years (Koncagul et al.
2017). The widespread presence of organic chemicals with different nature poses a
serious threat to the environment. When such chemicals contaminate water sources,
they become hazardous. Hence, recycling and water treatment methods are the only
choices for getting clean water nowadays and in the nearest future. Therefore it is
advisable to develop new or to improve already existing technologies and materials
that promote sufficient, safe, easy and inexpensive water purification (Gupta et al.
2012).

Photocatalysis, as a representative of advanced oxidation processes (AOP), is
one of the possible alternatives for highly toxic water treatment, when the most
common biological system is not effective. TiO. remains the most used
semiconductor among numerous photoactive materials because of its inherent
superior properties.

Despite the on-going progress in material chemistry of TiOg, the solar light
driven photocatalytic water purification and disinfection processes, which are stated
to be environmentally friendly, remained at the level of the past decades (Byrne et al.
2011). The wide band gap (3,2 eV) which is limiting TiO> visible light activity and
the fast electron/hole recombination rate are the main inhibitors of the progress in the
field of TiO2 photocatalysis (Mukherjee and Ray 1999), (Stasinakis 2008).

Many efforts have been made with the aim to overcome these drawbacks.
One of the often used techniques is TiO. modification with transition metal ions
(Tayade et al. 2006). The proper metal ion doping of TiO: is able to induce a desired
spectral shifts into the visible light region of the spectra, thus enhancing the
absorption capacity of a photon under the solar light (Klosek and Raftery 2002), (Su

et al. 2012), (Stengl and Bakardjieva 2010). However, the visible light (Vis) response
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does not necessarily imply adequate photocatalytic activity of the material, i.e. the
quantum vyield under the Vis light is often lower compared to the ultraviolet (UV)
light.

Lately, TiO> modification with two different elements became popular
approach because of the possible synergistic effect between them (Schneider et al.
2014). However, the reason of improvement in activity of TiO, modified with two
appropriate elements is not always clear.

In this work, | attempt to examine a number of variables, which affect the
photocatalytic activity of CuO and ZrO. modified TiO>. Structural information and
insight into the chemical states of copper and zirconium oxides loaded into TiO; are
the fields of interest in my thesis. The results help to clarify and to understand the
metal ions impact with the final goal to guide synthesis protocols in order to be more
beneficial in photocatalytic mineralization of aqueous organic pollutants under the
solar light. In addition, this work tackles the problem of dye application for the

photocatalytic activity evaluation under simulated solar light.



1 THEORETICAL BACKGROUND

1.1 OVERALL PROBLEM STATEMENT

1.1.1 Textile processing and its global water impact

Human race cannot survive without water. Amount of water in the Earth is
huge, but only small part of it is suitable for humankind needs. Discouraging fact is
that the more developed becomes the human race the more water pollutions it
produces.

In recent years, the increasing demand in textile products leads to fast growth
of textile industry (dos Santos et al. 2007). Potential pollutants from cotton
processing operations and dyestuff industrial processes are mainly organic pollutants
(Pearce et al. 2003), in particular, color-causing pollutants containing large quantities
of dyes. Textile dyes belong to one of the largest group of organic compounds that
represent an increasing environmental danger. The textile dyes are the second-largest
polluter of clean water globally after agriculture (Koncagul et al. 2017).

During the dyeing process, the dye is distributed between the solid fiber
phase and the aqueous phase. After the fiber and the dye associate, the solution is
depleted and the fiber has to be washed repeatedly with portions of fresh water to
remove unfixed dye. Thus, during the dyeing process tons of water appears to be
contaminated with dyestuff and concomitant compounds. It is estimated that about
1 - 20 % of the total world production of dyes is lost during pretreatment and dyeing
processes and released in waste waters (Forgacs et al. 2004), (Herbst et al. 2005).

What are dyes? Dyes are usually water soluble organic compounds. Dyes
have been used widely not only in the textile industry, but also in photographic and
coating industry and photochemical applications. Depending on the constituent
elements of the dye molecule (chromogenes, chromophores, and auxochromes), dyes
exhibit different physical and chemical properties, such as water solubility, color,
brightness, fastness, and light absorption characteristics. The transmitted light
appears colored to the observer because of missing (absorbed) part of the white light
(Lye 2002).

The molecules of the most dyes contain two parts: i) aromatic system
(benzene ring or fused ring system) with or without substituents and ii) extensive

conjugated double bond system containing unsaturated groups (chromophores). The
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absorbed wavelength and intensity of color of the dye molecule can be modified by
addition to the aryl ring the saturated substituents containing nonbonded electrons (-
OH; -NH3z; -NHR; -NR1R>). These groups are known as auxochromes. In order to
make the dye molecule soluble in water the sulfonic group (-SOsH), the carboxylic
group (-COOH) or sodium salts of these acids (-SOsNa and -COONa) can be used.

Dyes can be classified according to the chemical structure of colorant or to
the method of application. The Color Index International, provided by the Society of
Dyers and Colorists (SDC) and American Association of Textile Chemists and
Colorists (AATCC), is a comprehensive list of known commercial dyes and
pigments. Each colorant is given a Color Index (C.l.), Name and Number. For
example: C.1. Reactive Blue 19 (RB19).

RB19 is anthraquinone dye and typical representative of reactive dyes. Its
structure is presented in Fig. 1. Reactive dyes are of outstanding importance for the
dyeing of cotton, enabling bright intense coloration with high fastness. The use of
reactive dyes worldwide has approached to 178,000 tons per year (Philips 1996).
The characteristic structural feature is the presence of one or more reactive groups.
Vinylsulfone groups, in particular ethenyl(vinyl)sulfone (CH>,=CHSO>) group, are
among the most important reactive groups, being also a part of RB19 dye molecule.

O NH,
SO3Na

O‘ O 0

O\‘ /\/O‘S//
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C.l. Reactive Blue 19

L
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|
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Fig. 1. Structural formula of C.l. Reactive Blue 19 and C.I. Basic Blue 9
(Methylene blue).
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Basic Blue 9, also called Methylene blue (MB), is another type of very
popular dye. Methylene blue is a thiazine dye used as an anti-malarial and
chemotherapeutic agent in the aquaculture industry (Burhenne et al. 2008). MB is
economical and it has excellent brightness. So it is widely used in dyeing fibers, silk,
wool and linen. Basic Blue 9 is used in colored paper. It is also used to make a
variety of glaze and paint.

After the dyeing process, the millions of tons of effluent from industries are
dumped. Annually, the amount of discharged dyes is constantly increasing. Most of
the countries are separating the dye chemicals from the wastewater. This opens up
the problem of dye sludge recovery and the treatment of traces of dyes in the water.

In Mexico and China, factories discharged the wastewater contaminated
with dyes like indigo. This resulted in coloration of the river water (Shanker et al.
2017). Chemicals present in coloured water did not allow the light to reach the
aquatic biota and the bulk of water. Thus, biological oxygen demand (BOD) was
increased, the photosynthesis process was delayed and the dissolved oxygen level
got reduced.

The presence of dyes in the water bodies can be not only aesthetically
unpleasant because of coloring but also hazardous because of low level of
degradation under the natural conditions and potential to bioaccumulation in living
organisms. Moreover, possible high level of toxicity (Holkar et al. 2016) can affect
the health of the local residents and people living close to the contaminated waters.
Labours exposed to dye are detected with tumours, lung and cerebrovascular
disease in Japan and USA at the rate of 40 times higher than general population
(Shanker et al. 2017).

Lots of dyes constitute environmental hazards because of possible production
of toxic intermediates as degradation products. For example, nitrobenzene,
diaminobenzene, stilbene, aminonaphthol, benzidine and quaternary amines
substructures in the dye molecule can causecarcinogenicity and toxicity problems
(Epling and Lin 2002). In order to ensure a safe water supply, dye-containing
wastewater from industries needs to be treated and its discharge controlled.

Bearing in mind all mentioned above, it is reasonable to pay more attention
for developing new or improving already existing technologies for water purification

in general and from dyestuff in particular.



1.1.2 Photocatalysis as an effective technique for water purification

As international environmental standards are becoming more stringent (ISO
14001, March 2016), the technological systems for the removal of organic pollutants
from water have to be improved. Among already existing methods for purification of
dye polluted effluents are the physical methods such as adsorption (Kausar et al.
2018), the biological methods (Banat et al. 1996), (Gongalves et al. 2000), and the
chemical methods (Punzi et al. 2015). Adsorption is based on the organic pollutant
uptake by highly porous inorganic or organic matrixes (Bhatnagar and Sillanpaa
2010). This technique is effective in terms of extracting pollutants, but it does not
solve a problem of pollutants recycling. Modern and fast developing microbiological
or enzymatic decomposition involves the cultivation of colonies of microorganisms
against hazardous organics (Pearce et al. 2003), (dos Santos et al. 2007),
(Dellamatrice et al. 2017). This technique is very promising, but it deals with live
organisms, so it meets list of requirements and is not appropriate for some specific
and toxic pollutants. Many of dyes are resistant to biological degradation because of
the high degree of aromatic compounds (Carliell et al. 1996). Large number of
publications indicates that advanced oxidation processes (AOP) may be an
alternative for the oxidation of toxic organic compounds from wastewater (Klavarioti
et al. 2009). Degradation of commercial reactive dyestuff by AOP is frequently
reported as efficient and promising process (Akpan and Hameed 2009), (Akpan and
Hameed 2009), (Konstantinou and Albanis 2004), (Rauf et al. 2011), (Zangeneh et
al. 2015), (Reza et al. 2015), (Akpan et al. 2015).

Photocatalysis is widely studied AOP and it demonstrates potential
applicability for wastewaters treatment because of the high theoretical probability to
result in total non-selective destruction of organic compounds. In this action,
hazardous organic compounds may transform to simple inorganic ones, such as CO.,
H20, inorganic anions and cations. This performance is attributed to the active
species formed during the photocatalytic process (Carp et al. 2004).

The mechanism of photocatalysis derives from redox/charge transfer
processes due to the electronic structure of the catalytic material (semiconductor)
involved in the photocatalytic action (Linsebigler et al. 1995). The relevant energy
levels for semiconductor electron transfer are the top of the valence band (VB) and
the bottom of the conduction band (CB) and formed band gap in between.
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The photons with energy higher than band gap excite an electron from the VB
of semiconductor and promote it to the CB, leaving the active hole behind. The
photo-excited electrons and holes can then migrate to the surface of semiconductor
and take part in the photocatalytic action.

The common proposed mechanism of photocatalysis is as follows (Sirés and
Brillas 2012):

1. Absorption of efficient photons by the photocatalyst (semiconductor):
Semiconductor + hv — egcg + hg (1)

2. Oxygen reduction:

(02)aas + ecy = Oz (2)
3. Production of HO" radicals:

(H,0 & HY + OH )gys + hyg = HY + HO’ (3)
4. Neutralization of 05"

0, + H* —» HO, (4)
5. Transient hydrogen peroxide appearance:

2HO, - H,0, + 0, (5)
6. H202 decomposition:

H,0, + 0, > HO + HO™ (6)

7. H202 decomposition (photodissociation):

hv
H,0, - 2HO" (7)
8. Organic reactant oxidation:
R+ HO — degradation products (8)

9. Direct oxidation through reaction with hole:

R + hyz = degradation products 9)
There are numerous argumentations in the scientific literature about the role
of each active species mediated by irradiated TiO>. However, there is no integrity of
opinion concerning this problem. It is still an open question in regards to the most
relevant process contributing to the photooxidation of organic pollutants. Many
authors argue that HO' radicals formed in the scheme proposed above are the primary
oxidants in the photocatalytic process (Al-Ekabi et al. 1989). This statement is

mainly based on hydroxylated products formed during pollutants degradation
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reactions. Another significant support to this mechanism is given by EPR analysis
(Jaeger and Bard 2005), confirming that the HO' radical is the most abundant radical
formed during the irradiation of TiOx.

On the other hand, literature reports about very low probability of HO
radicals implication in the photocatalytic oxidation also exist. It was demonstrated
that no oxygen containing species are formed when ethyne and ethene are
photohydrogenated on the surface of TiO2 (Boonstra and Mutsaers 1975a). The same
authors in another work concluded that the Tis-O radical formed at the surface of
TiO2 is the one governing the photocatalytic reaction (Boonstra and Mutsaers
1975b).

In the past decades charge carrier transfers on the solid/liquid interface of
TiO2 got considerable attention, which led to deeper understanding of photocatalytic
process. In this context, recent finding (Salvador 2011) made the reaction of direct
water oxidation (equations (3), in the proposed scheme), which was a long time
considered as the main process responsible for the photocatalytic oxidation of
organic substances, questionable. Thermodynamic and Kinetic constrains were shown
that make the reaction of direct water oxidation on rutile surface unlikely to happen.
This discovery opens the possibility to the new pathways of photocatalytic reaction.
In particular, generation of reactive species by hole trapping was considered as well
as direct hole participation in the photocatalytic reactions.

Pulse radiolysis study (Lawless et al. 2005) pointed out that the species
produced by the reaction of HO' radicals with TiO> surface are essentially identical
with the trapped holes on the surface of TiO. If this is the case, all the observations
(hydroxylated intermediates and H2O. formation) which previously led to the
suggestion of HO' radicals oxidation can occur via reactions of these surface species.

The difference in the mechanisms of active species formation on the distinct
TiO2 phases was proposed by some authors (Kakuma et al. 2015). They concluded,
that for anatase the mechanism of HO' radicals formation originates from the trapped
holes while for rutile Ti-peroxo site plays a role of catalyst for HO radicals
generation from water.

If the HO' radicals are surface-bounded or they are able to diffuse out of the
surface in the bulk of the suspension is another concern among the scientists in the

area. The impact of free HO' radicals as a consequence of equations (3), (6) and (7)



to overall photocatalytic reaction is still an open question.

These controversial, but solid arguments discussed above, however, may also
suggest that every organic substrate undergoes transformation assisted with irradiated
TiO2 by its own pathway with involvement and significance of different active
species for each case separately. Then, unification of the mechanism of TiO> assisted
organic compounds degradation is not possible.

In this work we attempt to stand by the essential similarity between active
species formed by surface-bonded HO' radicals and holes trapped on the surface and
their major role in the degradation of pollutants. However, the possibility of diffusion
of some HO' radicals out of the surface and their contribution to the overall
photocatalytic performance of the material also exists and has to be checked.

The photo-induced holes can take part in two different types of reactions.
First, if the redox potential of the aqueous couple is higher in energy than the VB
edge, electrons will be transferred from the aqueous donor to fill the hole in the VB,
thereby oxidizing the aqueous electron donor. As photocatalysts, semiconducting
materials can photo-oxidize a wide range of compounds. Environmentally important
reactions include photo-oxidation of phenol (Palmisano et al. 1988), PCBs (Pagni
and Sigman 1999), insecticides (Harada et al. 1990), dyes (Akpan et al. 2015).
Second, if the standard potential for anodic decomposition of the semiconductor is
higher in energy, the hole can also cause oxidation of the semiconductor. Thus, in
aqueous solutions, the photo-electrochemical stability of a semiconductor is
determined by the standard potential for anodic decomposition relative to the
oxidation potential of water. These two types of photoelectron transfer associated
with a VB energy position are crucial for determining the activity and stability of the
semiconducting materials in aqueous environment.

Contrary, the photo exited electrons take part in the reduction reactions. To
reduce compound, one needs a semiconductor with a conduction band edge higher
than the reduction potential of the compound. Semiconductors with conduction band
edges higher than that of the oxygen reduction potential (O./0;") can facilitate the
photochemical reaction by producing additional amount of active species in an
aqueous solution. However, it can be the case when the semiconductor with higher
CB energy does not catalyze the photoreduction of compounds with lower reduction

potential, but catalyzes energetically less-favorable reactions (Yanagida et al. 1990).



The rates of electron transfer reactions generally increase with increase in the driving
force (i.e., the energy difference between electron donor and acceptor levels),
however a large difference in energy between donor and acceptor levels results in a
slow electron transfer. This phenomenon has been described as the “inverted region
effect” (Gould et al. 1990).

Among the numerous photoactive semiconductors, the leading position holds
TiO2. It complies with major requirements for efficient photocalysts: chemical and
biological inertness and photostability, relatively low cost, low toxicity level,
adequate conversion values (Hoffmann et al. 1995), (Ollis at al. 2000), (Fujishima et
al. 2000), (Kubacka et al. 2012).

1.1.3 Basics about TiO2 as a photocatalyst

TiO2 is well established material which is used in different areas, such as a
white pigment in paint, food, cosmetics and paper coloring, UV absorber in
sunscreens. All these applications deal with size range of TiO2 particles from
hundreds of nanometers till micrometers. On the contrary, its nanosized particles
utilization is focused on its electronic properties as a semiconductor (Fujishima et al.
2000).

1.1.3.1 TiOz crystal polymorphs

Since 1977, when cyanide in water was decomposed by titania (Frank and
Bard 1977), increasing interest to photo-oxidative degradation by titania catalyst for
environmental applications has been registered. An important factor which
determines the scope of use of TiO> as a photocatalyst is its crystal structure. There
are three main crystal polymorphs of TiO2: anatase (tetragonal), rutile (tetragonal),
brookite (orthorhombic) (Carp et al. 2004). The Ti cations at anatase, rutile and
brookite have coordination number of 6, so they are surrounded by an octahedron of
6 oxygen atoms. The three crystalstructures are different by the terms of distortion
and assembly patterns of each octahedral arrangement: in anatase octahedra are
connected by the vertices, in rutile by the edges, and in brookite by both, vertices and
edges (Fig. 2).
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Fig.2. Crystal structure of (a) anatase, (b) rutile, (c) brookite(Carp et al.
2004).

The most thermodynamically stable phase is rutile. Anatase and brookite,
which are stable at low temperatures, transform to rutile via heat treatment at
temperatures higher than 600 °C. Proper transition metal doping can stabilize anatase
and brookite at higher temperatures (Hanaor and Sorrell 2011).

Anatase and rutile, both are commonly used as photocatalysts. By
examination the photocatalytic activity of 35 differently prepared TiO:
photocatalysts it was shown that anatase is more active than rutile (Prieto-Mahaney
et al. 2009). Different theories and hypotheses were proposed to explain higher
activity of anatase: a) higher number of surface OH group (Sclafani and Herrmann
1996); b) higher potential of conduction band (Prieto-Mahaney et al. 2009); c¢) the
longer liftime of photoinduced electron and hole pair due to the indirect band gap
(Xu et al. 2011); d) special surface properties (Kakuma et al. 2015). Additionally, it
was shown, that the charge carriers can be excited deeper in the bulk in case of
anatase, thereby making more contribution for surface reaction (Luttrell et al. 2014).
However, the works where rutile shows higher photocatalytic activity compared to
anatase also exist (Sun et al. 2003), (Andersson et al. 2002).
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Fig. 3. The mechanism of charge separation on P25. (A) Model of P25
activity where charge separation occurs on anatase and rutile acts as an electron sink
(Bickley et al. 1991). (B) Proposed model of a rutile antenna and subsequent charge
separation (Hurum et al. 2003).

Compared to pure phases, the mixed-phase TiO, materials are often more
active (Banerjee et al. 2006), (Baiju et al. 2009). Aeroxide® Degussa P25 (P25) is
known as a mixed phase TiO2 with high UV-light activity. It contains anatase and
rutile phases in a ratio 3:1. It is declared that the synergistic effect between the
anatase and rutile is responsible for the high reactivity of P25. Lately it was shown
that it is the interphase charge transfer, which is responsible for the separating of
electrons from holes. Surprisingly, there is still no consensus about the synergetic
effect in general (Ohtani et al. 2010) and the charge transfer mechanism, responsible
for synergy, in particular (Kumar and Devi 2011). Two different interfacial charge
transfer mechanisms in the P25 were proposed by Bickley et al. (Bickley et al. 1991)
and Hurum et al. (Hurum et al. 2003). The schematic pattern of completely distinct
mechanisms is presented in Fig.3. The electron transfer appears to be directed from
anatase to rutile in the one case (Bickley et al. 1991) and opposite direction in the
other case (Hurum et al. 2003).

It is interesting to note that the mixture of anatase and rutile facilitates only
the transfer of electron without the promotion of hole movement and distribution
because the VB energy is the same in both anatase and rutile phases. Lately, the
synergistic effect has been satisfactorily explained using a model based on the band-
gap variation in the connected nanocrystallites as a function of the size distribution
and the phases involved (Zachariah et al. 2008). It was shown, that the particle size
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determines also relative phase stability. Anatase is the most thermodynamically
stable at sizes less than 11 nm, brookite — between 11 and 35 nm, and rutile — bigger
than 35 nm (Carp et al. 2004).

1.1.3.2 The size of TiO2 particles

The photocatalytic degradation of organic pollutants in water occurs on the
surface of TiO», thus its surface properties are highly important and influence the
photocatalytic performance. High surface area can be an advantage for the
photocatalyst due to bigger numbers of available surface sites. Specific surface area
of material drastically grows with decreasing particles size, this fact led to
photocatalytic materials fast shift towards the nano sizes. Additional advantage of the
particles size lowering is that the charge carrier path to the surface becomes shorter
in smaller particles which can positively influence the photocatalytic performance
(Luttrell et al. 2014). From the other hand band bending is reduced with the particles
size lowering (Pan et al. 2019), which is expected to negatively influence the charge
separation of photocatalyst.

The nanopowder photocatalysts suspensions perform high efficiency in
degrading organic pollutants in water due to its high surface area. However, an
additional step of post separation or filtration after TiO» treatment is needed when the
slurry or suspension system is used. This process is necessary for several reasons: to
prevent the photocatalyst loss and to avoid the water contamination with nanosized
TiO> particles (Chong et al. 2010). Membranes, filters and pH control procedure
which are used for precise water and nanoparticles separation are expensive and do
not provide complete removal of particles (Dong et al. 2015).

Besides, the TiO2 nanoparticles in water solution may aggregate due to the
instability of the nanosized particles (Dong et al. 2015). Aggregation can negatively
influence the light incidence as well as it lowers the number of available active
centers consequently reducing the catalytic activity of material (Mallakpour and
Nikkhoo 2014). However, it must be taken into account that the photocatalytic
activity is dependent of specific optical properties of material as well as experimental
conditions and it may happen that the smaller particles scatter more light compared
to larger ones (Minero and Vione 2006). Recently, because of high influence of

agglomeration to the optical properties of solution it was recommended to evaluate
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the aggregation level of photoactive particles before the photocatalytic tests
(Pellegrino F et al. 2017). It was shown that deaggregation strongly increases light
absorption, which is due to the low penetration depth of the light inside the
agglomerated particles.

It is important to mention, that finite diminishment can be applied for getting
enhancement in photoactivity. For oxide materials the limit is about 10 nm. After
reaching this limit the degree of crystallinity becomes lower, which can increase
recombination rate (Choi et al. 1994). The quantum size effect is also possible to
become pronounced (Hoffmann et al. 1995).

All the reasons mentioned above led researches to the quest for suspended
nanosized powders application alternatives. As an alternative solution, the
immobilization of photocatalyst on the inert substrate can be offered. TiO, can be
immobilized on different substrates such as glass, fibers, stainless steel, sand etc. To
prevent leaching or detachment of nanoparticles from the layers that may otherwise
negatively affect surrounding environment, binder material is needed. On the other
hand, the immobilization leads to relative lowering of the photocatalytic efficiency.

Nowadays, Aeroxide® Degussa P25 in a powder form is the most applied and
known TiO, photocatalyst because of its high reactivity. It is used as a standard
reference for water treatment under the different conditions. Accordingly, it is clear,
that anatase and rutile mixture as well as particle size distribution are playing
significant role in the photocatalytic activity of TiO». It must be stressed, that all the
difficulties and uncertainties related to TiO> application mentioned above are not the
comprehensive list. There are other drawbacks, which are limiting its wide

application and must be overcome for its widespread use.
1.1.4. Shortcoming and weakness of TiO:

Photocatalytic oxidation with TiO2 is one of the AOP for the rapid
degradation of organic pollutants in water. TiO, can mineralize big number of
organic pollutants including resistant pesticides, herbicides and dyes. To develop its
photocatalytic properties, TiO> demands energy input by photons with energy greater
than its band gap.

The Sun was considered as an abundant and the most fundamental sustainable

energy source for humankind. Utilization of solar light for the TiO2 photocatalytic
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process is highly desirable from economic and environmental points of view. The
solar light consists of ultraviolet (200 - 400 nm), visible (400 - 800 nm) and infrared
(> 800 nm) irradiation with share of each 5%, 43 % and 52 %, respectively.
Unfortunately, the band gap of TiO. (~ 3.2 eV for anatase and brookite, ~ 3.0 eV for
rutile) requires photons with energy corresponding to UV irradiation region, which
accounts for only 5% of solar spectrum. Development of visible light TiO>
photocatalysis has become one of the most important topics because of much higher
contribution of visible light irradiation to the solar spectrum (Stasinakis 2008).

Designing, fabricating, and tailoring the physicochemical and optical
properties of titania is indispensable to utilize a large fraction of the solar spectrum
and to realize the indoor and sustainable applications of this photocatalyst.
Modification by various strategies such as coupling with a narrow band gap
semiconductor, metal ion/nonmetal ion doping, co-doping with two or more foreign
ions, surface sensitization by organic dyes or metal complexes and so on were
explored to extend the TiO2 light absorption to visible light region. It was also
determined that TiO2 composites with second material, which is either a hole or an
electron sink can further increase catalytic efficiency of material.

Despite the achievement of desired spectral shift towards the visible light
region, quantum yield of electronic process under visible light in doped materials is
much lower than under UV (Choi et al. 1994). This fact can be referred to formation
of new crystal defects and generation of recombination centers by doping.
Considering this, the TiO. surface modification process is more attractive compared
to doping (Suligoj et al. 2018). In this case, visible light sensitivity is achieved by the
charge transfer process of excited electrons from the one semiconductor to another
(Irie et al. 2009), (Nolan et al. 2012), (Liu et al. 2014), hereby improving charge

separation properties.
1.2. DETAILED UNDERSTANDING OF THE RESEARCH WORK ISSUE

1.2.1 Different techniques for TiO2 modification

Keeping in mind the profitable price and environmental sustainability of the
photocatalytic water treatment process (Anastas and Eghbali 2010), it is desired to
tune the absorption edge of TiO. photocatalysts to visible range of the solar spectrum

(Kubacka et al. 2012). The technique, which allows tailoring light absorption
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properties, but not disturbing the band gap can be applicable. In this case, the visible-
light response can be induced without changes in a crystal structure. The visible light
sensitivity is achieved by the charge transfer process of excited TiO: electrons to the
modifier (Irie et al. 2009), hereby improving electron/hole recombination properties.
There has been great interest for modification of TiO, with the second
material (Kubacka et al. 2012), (Petronella et al. 2017). Several approaches of
modification can be used: solid-state reactions, gas phase methods and solution
routes. The solution route reactions (also called wet chemical methods) belong to
bottom-up methods which means self-assembly of atoms or molecules to the
nanoparticles. These methods have the advantage of control over the stoichiometry,
producing homogeneous materials, relatively low synthesis temperature, allowing
formation of complex shapes, and preparation of composite materials. The most
common methods and their short descriptions are listed below.
o Sol-gel technology. This method is based on hydrolysis and condensation of
metal alkoxides or inorganic metal precursors and leads to formation of sol or gel or
precipitates. It can be used for the synthesis of thin films, powders, and membranes.
There are many advantages of this method: purity, homogeneity, stoichiometry
control over the composition of obtained materials. In addition, it is flexible in
introducing dopants in large concentrations and allows easy processing. After sol-
gel, the thermal treatment (usually 450 — 600 °C) is needed to remove the organic
part and to crystallize either anatase or rutile TiO.. Variety of research was made
based on sol-gel technique (Kete et al. 2014), (Hernandez-Alonso et al. 2006),
(Lopez and Gomez 2012), (llkhechi et al. 2015b), (Choudhury et al. 2013).
o Microemulsion. Microemulsion is thermodynamically stable, optically
isotopic solution of two immiscible liquids. Water in oil or reverse microemulsion
technique can be utilized. The stabilization of microemulsion happens with the help
of interfacial film of surfactant. The surfactant molecule generally has a polar
(hydrophilic) head and a long-chained aliphatic (hydrophobic) tail. These molecules
self-organize in a way that they reduce the interfacial tension between two liquids
with different nature. Notably, this technique is used together with sol-gel methods
for hydrolysis of metal alkoxides (Andersson et al. 2002).
o Solvothermal. These methods can be described as chemical reactions in
aqueous (hydrothermal) (Xing et al. 2011, (Peng et al. 2008), (Wang et al. 2010) or
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organic (solvothermal) media (Su et al. 2012) under self-produced pressures at
relatively low temperatures. For performing the experiment, solvothermal reactor is
needed. The solvothermal treatment could be employed to control particle size,
morphology and crystallinity by regulating the solution composition, reaction
temperature, pressure, solvent properties, additives, and ageing time.

o Wet impregnation. This method allows loading the chemical species on the
surface of particles. In description for impregnation offered by IUPAC it is written:
“Impregnation consists in contacting a solid with a liquid containing the components
to be deposited on the surface” (Haber et al. 1995). The required amounts of
components are introduced in the appropriate volume of liquid with calculated
concentration of target molecules, which have to be loaded on the surface. TiO>
modified with Ag, Cu, Co, Fe, Ni were obtained by wet impregnation method
(Tayade et al. 2006). The authors demonstrated relations between the ionic radius
and work function of impregnated metals with photocatalytic activity of TiO, for
nitrobenzene and acetophenone degradation under UV light. Results of another work,
in which this technique was applied for obtaining Cr, Co, Cu, Fe, Mo, W, V modified
TiO2 and 4-nitrophenol degradation, suggest complexity in linkages between the
specific properties of the powder and its photocatalytic activity (Di Paola et al.
2002).

o Solution combustion. The synthesis (hyperbolic reaction) involves a very
rapid heating because of exothermal reaction between the components of solution
containing redox mixture. All the components of redox mixture must be water
soluble. Combustion synthesis allows obtaining highly crystalline, fine and large
surface area particles. The initial temperature of reaction depends on the type of fuel
that is used. The temperature of reaction reaches above 650 °C for a very short time
(about 1-5 min) which made anatase to rutile transition almost impossible. Examples
of applying such kind of technique for TiO2 obtaining and modification can be found
in several publications (Sivalingam et al. 2003),(Nagaveni et al. 2004), (Saito et al.
2015), (Chung and Wang 2012).

A huge number of techniques and chemicals were used for TiO2> modification
in recent years (Kumar and Devi, 2011), (Kubacka, Fernandez-Garcia and Coldn,
2012), (Petronella et al., 2017). Good results in increasing TiO. efficiency as a
photocatalyst were obtained with coupling it with Au (Li et al. 2007), Pd, Pt
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(Sakthivel et al. 2004), (Paulauskas et al. 2013) adopted as dopants and surface

modifiers.
1.2.2 Advantages of TiO2 modification with the second material

The photocatalytic activity of TiO2 is shown to be dependent on crystal
phase, surface area, uncoordinated surface sites, defects in the lattice etc. The TiO:
morphology control via composite materials synthesis has allowed fine tuning of
many of these properties. Additionally, TiO> composite structures can create and
tune mid-band-gap electronic states, which can alter charge migration.

In most semiconductors, all electronic levels in the VB are occupied where as
the levels in the CB are empty. Hence, the highest occupied electronic level
coincides with the top of the VB. The energy of the VB edge is a measure of the
ionization potential of the bulk material. The lowest unoccupied electronic level in
most semiconductors coincides with the bottom of the CB, where the band edge
energy is a measure of the electron affinity of the compound. The Fermi level
represents the chemical potential of electrons in a semiconductor. In essence, the
Fermi level is the absolute electronegativity of a intrinsic semiconductor, the value,
which corresponds to the energy halfway between the CB and VB edges.

For non-transition metal oxides (ZnO, PbO, CdO, SnO: etc.), the bottom of
the CB is primarily from the metal s orbitals, where as the top of the VB is derived
primarily from oxygen 2p orbitals. The top of the VB of most oxides of transition
metals with low d electron occupancy (TiO2, ZrO,, WO3) is also derived from
oxygen 2p orbitals, but the CB edge for those oxides is generally derived from metal
d orbitals (Yong and Schoonen 2000). These semiconductors usually have large band
gaps. Their VB edges are situated at energy levels close to the absolute
electronegativity of oxygen (-7.54 eV), and much lower than the oxidation potential
of water (redox potential of O2/H>O couple). The CB edges of these semiconductors
are close to the reduction potential of water (redox potential of Ha/H™ couple).
Hence, electrons in the CB and holes in the VB are very high in the reducing and
oxidizing power, respectively.

For oxides of transition metals with high d electron occupancy, metal d states
are present in both valence band edges and conduction band edges. As a result, the

band structures become complicated and band gaps are generally smaller. For CuO,
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the top of the VB is derived from the Cu 3d orbitals, whereas the bottom of CB is
derived from the Cu 4s orbitals.

Incorporation of impurities in the structure of TiO. semiconductor leads to
the presence of electron acceptor state levels and/or donor state levels within the
band gap. The charge transfer from one semiconductor to another with suitable band
edge positions that is thermodynamically favorable can increase the lifetime of the
charge carriers promoting the interfacial charge transfer and catalytic efficiency. The
presence of donor or acceptor state levels changes the position of Fermi level, which
lies just above VB edge for p-type semiconductors (acceptor states) and just below
CB edge for n-type semiconductors (donor states) (Yong and Schoonen 2000).

Figure 4a shows a general model for TiO photocatalysis where electron—hole
pair is produced by the adsorbed light. Formed charge migrates to the surface of the
particle and redox reaction occurs. Charge separation can be enhanced by creation of
surface defects where electrons and holes can be trapped to prevent recombination.
Figure 4b shows an improved case utilizing a TiO2 composite heterojunction. A
structure with a narrower band gap can utilize visible light to produce an
electron—hole pair. Assuming a favorable band offset, the electron can migrate to the
TiO2, while the hole is trapped in the second material. Redox reactions in this case
occur at the separate surfaces. A TiO, composite structure can be rationally designed
in order to produce a favorable band offset and band positions in order to develop a

catalyst for the needs of specific reactions (Dahl et al. 2014).
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Fig. 4. (a) General model of TiO, photocatalysis. (b) TiO2> modified structure
exhibiting TiO2 composite heterojunction (Dahl et al. 2014).

Composite structures can yield other benefits such as ability to tune the
surface properties, i.e., acidity/basicity or open coordination sites. Some mixed metal
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oxide/TiO, composites are beneficial for stabilization of thermal catalysts or
stabilization of nanoparticles against sintering or aggregation.

1.2.2 Copper oxide as TiO2 modifier

As it is mentioned above, the efficient applicability of TiO2 for environmental
purposes, which is restricted by its limited activity under the solar light, is strongly
connected to TiO> visible light sensitivity. In the context of TiO2 limiting application
under the solar light, Cu?* ions and CuO have attracted much attention as promising
surface modifiers (Li et al. 2008), (Janczarek and Kowalska 2017), (Irie et al. 2008),
(Irie et al. 2009), (Helaili et al. 2009) because they facilitate the visible light
absorption.

Copper oxides have been extensively studied in the composition with TiO-
due to their p-type configuration. Narrow band gaps of both copper oxides (~ 1.4 and
~ 2.2 eV for CuO and Cu20, respectively) make them interesting materials for visible
light utilization.The visible light activation of Ti centers by copper ions was reported
in 2005 (Lin and Frei 2005a). Positive effect of copper ions as surface modifiers is
described in several papers. Charge separation properties of copper ions modified
materials were claimed to be better (Chiang et al. 2002), (Li et al. 2008), (Sahu and
Biswas 2011). Existence of optimal concentration (0.1 %) of CuO deposited by
precipitation method on the surface of rutile nanoparticles was shown for methylene
blue (MB) degradation (Li et al. 2008). It was discussed, that loading of relatively
high concentration of copper leads to CuO clusters formation and results in reduced
photocatalytic activity because of additional charge recombination centers
appearance. In contrast, Cu?* substitution sites (Ti-O-Cu linkages) are formed when
very low copper concentration (lower than 0.1 %) is applied (Cizmar et al. 2018).
Substitution sites contribute to enhancement of photocatalytic efficiency. Also,
influence of surface CuO species on TiO2 photocatalytic activity was studied in
terms of surface photovoltage spectroscopy as well as degradation of Rhodamine B
with help of copper modified TiO> obtained by sol-gel technology (Xin et al. 2008).
The increase of photocatalytic ability of surface modified TiO> with 0.06 % of
copper referred to formation of extra electron traps, while at higher copper loadings
CuO can act as recombination centers (Choudhury et al. 2013) and can even cover
the active centers on the surface of TiO».
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There is no integrity about the optimal concentration of Cu loading, but there
is a solid opinion, that at concentrations higher than 0.1% the negative effect is
observed. Sometimes the concentrations lower than 0.1% (0.06%) are discussed like
beneficial, however the steps of loaded amount of Cu can be different which may
influence the result. Moreover, the methods of Cu loading may differ from case to
case, which may certainly affect the observed results. In order to determine the
optimal concentration for the specific loading procedure, the loading with narrow
steps (0.01%) must be performed.

There were attempts to describe the phenomenon of photocatalytic
enhancement by mechanism of interfacial charge transfer of electrons involving
Cu(Il) to Cu(l) reduction (Irie et al. 2009), (Liu et al. 2014). Irie with co-authors
concluded, that Cu(ll) ions on thesurface of TiO2 exist as amorphous CuO-like
clusters and mediate the reduction of oxygen molecules through a multielectron
pathway. Thus, in order to improve the efficiency of interfacial charge transfer,
Cu(Il) ions should be grafted as multiatomic Cu(ll) clusters. Liu et al. (Liu et al.
2014) used the idea for further improving of photocatalytic activity, by adding also
hole-trapping agent.

According to the work (Irie et al. 2009), the visible light sensitivity and
enhancement of TiO photocatalytic activity by Cu?* modification can be explained
by formation of the mid-level Cu3d states. The mid-level states enable the transition
of electrons from the valence band of TiO. to the empty CuO states (visible light
sensitivity) leading to enhanced electron/hole separation (Nolan et al. 2012), (Liu et
al. 2014). However, the benefits of modifying TiO> with copper containing species
are not obvious. The efficiency of pollutant degradation under Vis and UV light
depends strongly on the amount of the grafted species (Cizmar et al. 2018), (Yuliati
et al. 2016). For example, the degradation of 2-naphthol and p-cresol by TiO>
modified with a small amount of CuO increases, however it decreases with higher
amount of CuO loaded (Jin et al. 2013).

This issue, concerning the loaded amount of CuO species and photocatalytic
activity was thoroughly discussed by (Jin et al. 2013). The effect that CuO
modification has on the energy levels (valence band (VB) and conduction band
(CB)) of rutile (110) and anatase (001) TiO» surfaces was shown by density

functional theory and spectroscopic experiments (Jin et al. 2013). The energy of the
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VB maximum of photocatalyst is important because it determines the ability of the
photo generated holes to oxidize organic pollutants (Zawadzki et al. 2012). The VB
energy increase is leading to formation of holes with weakened oxidative power and
as a consequence to lower photocatalytic activity. It was shown that the surface
modification of rutile (110) and anatase (001) by the CuO nanoclusters can cause a
significant change in the TiO2 energy bands (Jin et al. 2013). It was clear that the
change at the VB strongly depends on CuO loading, expressed by means of the
elementary (CuO)n species in the surface supercell utilized for modeling, with n =1,
2, 4 (Jin et al. 2013). The study concluded that at low and high CuO loading two
different mechanisms of organic pollutant degradation are possible. The major effect
of the CuO modification at low copper loading (n = 1) is the excitation of the
electrons from the TiO2 VB to the unoccupied Cu3d levels as suggested by (Irie et al.
2009). Whereas at higher copper loading (n = 2, 4) the upward shift of the VB edge
and the excitation from the surface CuO to the CB of TiO> — reverse charge
localization — is likely dominant. Moreover, it was hypothesized that the type of TiO>
crystal phase, on which CuO clusters are formed, plays a role in the activity of CuO
modified TiO2. The upward shift of the VB edge at n = 2, 4 for anatase is not as
significant as it is for modified rutile (Jin et al. 2013), therefore the reverse charge
localization mechanism is not obvious in this case and, probably, it is shifted towards
higher copper loading. The schematic pattern of the reverse charge localization

mechanism is presented in Fig. 5.
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Fig. 5. The schematic pattern of the reverse charge localization mechanism on
CuO modified rutile TiO».
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1.2.3 Zirconium oxide as TiO2 modifier

Another well-known additive to TiO: is zirconium. ZrO, can act as a
photocatalyst itself (Karunakaran and Senthilvelan 2005). It has been shown that Zr
ions addition to the TiO> matrix leads to increased photocatalytic activity in
comparison with pure titania (Zorn et al. 1999), (Zorn et al. 2000). Successful
utilization of solution combustion technique was applied for TiO2 — ZrO, preparation
(Polisetti et al. 2011). Improvement of durability of Zr doped materials is a feasible
opportunity as well. It is postulated that because of great chemical and mechanical
stability ZrO, can be used even for chromatography columns, requested excellent
stability of the material (Nawrocki et al. 1993). Scratch resistance and durability of
deposited layers of Zr modified TiO> was shown (Vodisek et al. 2016). However,
due to the wide band gap of ZrO. (5.0 eV) it does not facilitate the visible light
absorption. It was shown that Zr doping of bulk TiO> does not improve the band gap
dependent electronic properties, such as electronic conductivity or photocatalytic
properties (Lippens et al. 2008). The benefits of using Zr are claimed to increasing of
surface acidity, adsorption ability and active surface area of TiO2 (Xianzhi et al.
1996), (Venkatachalam et al. 2007). To the best of our knowledge, zirconia is not
common for surface modification of TiO.. Nevertheless, ZrO, was adopted in this
way, when TiO. was used as a support for cobalt catalyst (Jongsomjit et al. 2012).
The applying of Zr resulted in increasing of Co-TiO, catalytic activity for
hydrogenation of carbon monoxide, apparently, by promoting chemisorption ability

of the catalyst.
1.2.4 Multicomponent TiO2 modification

Recently, to further improve the properties of TiO2 and to enable more
effective use of sunlight in visible part of the spectrum, technique of multicomponent
TiO2 modification has been employed (Schneider et al. 2014). One of the popular
approaches of TiO. modification is its modification with two different elements such
as B/Fe (Khan and O'Hare 2002), Sn/Pt, Al/Pt (Paulauskas et al. 2013), Fe/Ho (Wang
et al. 2010), Zr/Mn(Pliekhov et al. 2016). The addition of two different species of
metal oxides on the TiO. surface opens up new possibilities in the modification of
photocatalysts. An additional positive effectis possible if two different transition

metal elements are co-loaded to TiO2 (Kontapakdee et al. 2007).
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However, it is not always true that two elements are better than one. It should
be appropriate mixture and amount of coupled elements. The improvement in
activity of TiO, modified with appropriate elements is assigned to the existence of
synergistic effect between modifiers. The positive effects of nickel (Riaz et al. 2013)
and silver (Behnajady and Eskandarloo 2013) containing species for copper modified
Aeroxide®Degussa P25 titanium dioxide were observed.

Few papers are dedicated to the investigation of optical and structural
properties of Cu/Zr (llkhechi et al. 2015b) and Cu/Zr/Si (llkhechi et al. 2015a) doped
titania nanopowders as photocatalysts. Zr/Cu coupling for doping of TiO>
nanopowders was carried out by sol-gel method (llkhechi et al. 2015b) and showed
enhancement in photocatalytic degradation of methyl orange compared to undoped
TiO2. Considering above, the promising combination for visible light driven
photocatalysis could be a combination of Cu and Zr for TiO2 modification.

It has to be mentioned that the first experimental confirmation of perspective
visible light photoreduction with bimetallic moiety Zr-O-Cu was published in 2005
(Lin and Frei 2005b). The study of high relevance by Lin and Frei (2005) showed
that mesoporous silica systems with pore allocated Zr(IV)-O-Cu(l) assemblies can be
successfully used in the process of CO: photochemical splitting induced by
photoexcitation of the Zr(IV)/Cu(l) metal to metal charge transfer assemblies at
355 nm.

Summarizing, the idea of nonselective, total decomposition of organic
pollutants in the aqueous media at the surface of TiO> catalyst with the help of solar
light is desirable, but still somehow utopian aspiration, which requires further
development. Combinations of Cu and Zr for TiO2> modification can be a possible
alternative to overcome disadvantages of TiO2, and make it one step closer to

become the ideal photocatalytic material for environmental remediation.

1.2.3 Dye and the visible light activity connected problems. Thermal lens

spectrometry for photocatalytic activity evaluation

For the photo-oxidation reaction to occur the light is necessary. The use of
high energy UV light is not only costly, but also can be hazardous. Therefore, the
possible use of visible light (as a part of abundant solar light) is costless, safe and has

recently drawn scientist’s attention. However, some flaws are following this
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approach.

It must be mentioned that it is obvious, that quantum yield of materials
absorbing visible light is much lower compared to those under UV and
photocatalytic response of that materials is not always as high as required. The
photocatalytic test of the Vis light active material with model pollutant under the
visible light is necessary in order to evaluate velocity and degree of pollutant
degradation.

Additionally, more research is required to determine if visible light active
materials can deliver an increase in the efficiency of photocatalysis under the solar
irradiation or to prove that the visible light response does not play an important role
in the gross photocatalytic activity. The visible light active N, S co-doped and N-
doped commercial anatase TiO» powders did not show an enhancement for the
degradation of phenol neither photocatalytic inactivation of E. coli under simulated
solar light, as compared to P25. Even though they reveal good visible light response
(Dahl et al. 2014).

Another concern about visible light photocatalytic activity assessment is an
application of dyes for these purposes. Dyes are very usable for photocatalytic
efficiency evaluation because of fast and easy handling. A strong recommendation
not to use dye tests for activity assessment of visible light photocatalysts was
expressed (Wu et al. 1998a), (Bae et al. 2014), (Rochkind et al. 2015). This
recommendation is relevant due to sensitization mechanism of dye degradation,
which manifests itself rather than the photocatalytic one under the visible light.

However, it is very important to critically analyze each case separately. There
is a very interesting and informative review (Rochkind et al. 2015) providing
important message to audience regarding this problem. The relevant objectives of
using dyes for photocatalytic test and suspected mechanisms of material activation
need to be as clear as possible.

Application of dyes for visible light photocatalytic activity evaluation is not
appropriate because of probable overestimation of the results obtained by means of
bleaching of the dye (Kuo and Ho 2001). However, overall degradation of dye as a
pollutant can even not progress after decoloration under the visible light (Liu et al.
2000). It is suspected that dye degradation reaction occurred under the visible light

due to the photosensitization mechanism is discontinued after the dye molecule lost
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its ability to absorb visible light (Nasr et al. 1996).

The results of experiments under the simulated solar light suggested that both
photocatalytic and photosensitizing mechanisms occurred during the irradiation and
both TiO. and the light source are prerequisites for both reactions to occur. In the
photocatalytic oxidation, TiO2 has to be irradiated and excited by UV light energy
(Fig. 6 A). In case of photosensitization (Fig. 6 B), dyes rather than TiO> are excited
by visible light followed by electron injection onto TiO2 conduction band. It is
known that the photosensitizing mechanism is helping to improve the overall
efficiency of dye degradation under the solar light (Konstantinou and Albanis 2004),
(Kuo and Ho 2001).
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Fig. 6. Comparison of the photocatalytic mechanism (A) for UV irradiation of
TiO2 with the self-photosensitized pathway (B) of dye degradation under visible light
(Wu et al. 1998b)

The photocatalytic degradation of RB19 dye under UV-light was studied
carefully and the pathway of photocatalytic dye degradation was established (Bilal et
al. 2018). It was shown that the C-N bond cleavage (Fig. 7 A) appears to be the first
step for photocatalytic degradation of RB19 under the UV-light. In contrast to this, it
was demonstrated another degradation pathway for RB19 under the simulated solar
light (Abu Bakar et al. 2015). As a first step for the dye degradation under the
simulated solar light the visible light chromophore (vinyl sulfonic group) cleavage is
proposed (Fig. 7 B). It was shown earlier (Liu et al. 2000), that in the
photosensitization mechanism the cleavage is preferentially located on the atom
having the largest electron density in the ground state. It was demonstrated that the
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mineralization process is in good correlation with the decolorization of dye. It was
also established that dyes containing sulfur atoms (like RB19) are mineralized into
sulfate ions (Hu et al. 2003), (Augugliaro et al. 2002). The kinetics of sulfate
formation was found to be almost the same as that of dye decolorization.

Two different mechanisms are elucidated from the different processes
occurred under the UV and simulated solar light. Under the UV light there is
certainly the photocatalytic pathway, but under the solar light both photocatalytic and
photosensitization mechanisms are possible. It is difficult to conclude whether the
photocatalytic oxidation is superior to the photosensitizing oxidation mechanism or
opposite. Moreover, it is a grate challange for scientists to distinguish between these

mechanisms.
O NH, O NH,
OO O
0 0
0 / 0 0 1l
o ~-0-4 Vo XS
O HN . ¢ ONa O HN . ¢ ONa
(0] (0]
A B

Fig. 7. Photocatalyst assisted RB19 degradation pathway based on mass
spectrometry: A) under the UV light; B) under the simulated solar light. The

preferential bond cleavage at initial stage of RB19 dye degradation is marked.

If we postulate that the probabilities of photocatalytic and photosensitization
mechanisms are equal under the simulated solar light, then the feasibilities of
photocatalytic and photosensitization mechanisms are equal. As a result, competition
between two mechanisms occurs and the overall process efficiency consists of
contribution of both mechanisms possibly taking place in parallel.

On the other hand, if there is a limiting factor influencing the probability of
one of the mechanisms, the other mechanism is expected to become the governing
one. The specification of the mechanism responsible for the dye degradation at
different concentrations may help to determine the limiting factors and to deeper
understand the photocatalytic processes.

As it is discussed in details on the p. 7-9 and shown in the photocatalytic
mechanism scheme, it is commonly accepted that the photocatalytic mechanism is
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based on two parallel processes (there are more than only two proceses, but in order
to simplify the complicated scheme, we limit ourselves on two processes, which are
globally different): 1) direct surface trapped hole or surface-bounded HO' radicals
oxidation, which may happen only after substrate (model pollutant) is adsorbed on
the surface of TiO»; and 2) free HO' radical oxidation, which can occur without
substrate adsorption (the contribution of this process to overall degradation is under
the great concern, but can not be ignored) (Boonstra and Mutsaers 1975a), (Salvador
2011).

On the other hand, the photosensitization mechanism (shown in Fig. 6 (B)) is
based on the electron transfer from dye molecule to TiO particle. It was shown, that
adsorption of the substrate (dye molecule in our case) on the TiO2 is a necessary
prerequisite for electron transfer (photosensitization mechanism) to occur (He et al.
2002).

These facts are leading to the following reflections: i) the efficiency of direct
hole oxidation (surface-bounded HO' radicals) and the efficiency of electron transfer
processes in the photosensitization mechanism are dependent on efficient substrate
adsorption on TiO- particles; ii) free HO' radical oxidation process is independent of
adsorption of substrate on TiO particles (in water media with high concentration of
water it may occur at close proximity to the TiO» particle, but does not require
commencement of dye adsorption). Contribution of free HO  radical oxidation
process can be an advantage for photocatalytic mechanism making it superior.

In order that adsorption proceeds, a mass transport (diffusion) of the substrate
from the bulk of solution towards TiO» particles surface is necessary. According to
the Fick’s law flux is dependent of substrate concentration (Cussler 1997).
Adsorption is also dependent on concentration. Moreover, the optimum loading of
photocatalyst (TiO2) found to be dependent on the initial substrate concentration
(Herrmann 1999). Thus, the concentration of both dye and photocatalyst are
influencing the degradation process. It is necessary to determine the mechanism
responsible for the dye degradation at low dye and photocatalyst concentrations.

In order to follow the reaction of dye degradation at low dye and
photocatalyst concentrations highly sensitive and accurate method is required. The
accuracy requirement is satisfied by technique based on photothermal effect such as

thermal lens spectroscopy (TLS). The general principle of operation of all
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photothermal methods relies on the generation of heat by periodical excitation of the
sample. Because of the nonradiative relaxation of the energy absorbed by the sample,
a temperature gradient is produced, resulting in changes of physical parameters (e.g.
density, refractive index) of the sample and its surroundings. These changes can be
probed in a couple of ways depending on the chosen measurement technique. In case
of TLS technique, the thermal lens arising from a refractive index gradient due to
changes in temperature causes the defocusing of the laser beam (probe beam) passing
through a transparent sample (Snook and Lowe 1995), (Marcano et al. 2006),
(Franko 2001).

The intensity of probe laser beam is changed on its axis periodically
depending on the absorption of the sample and is detected as the relative
transmission of it through an aperture, which is located just in front of a
photodetector. TLS method enables to perform sensitive measurement on samples for
which the conventional spectrophotometric measurements cannot be used because of
high errors at low absorbances. To the best of our knowledge, TLS method has been
applied only in cases of photodegradation studies of soybean oils (Savi et al. 2015),
hemoprotein—lipid complex (Tishchenko et al. 2017) and vitamin E acetate
(Tiburcio-Moreno et al. 2012). However, no previous studies have used TLS method
to study the photodegradation process of industrial textile dyes at very low

concentrations.
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1.3. HYPOTHESIS, GOALS AND OBJECTIVES

This research aims at obtaining novel photocatalytic materials and
understanding the performance of as-synthesized Zr and Cu modified TiO:
photocatalysts. The main objective of the research work is to evaluate the influence
of simultaneous copper and zirconium oxides loading on the photocatalytic activity
of mixed phase TiO.. Determination of contribution of each oxide separately to the
photocatalytic activity of TiO2 is among important goals. A competition between
photocatalytic and photosensitization mechanisms of RB19 dye degradation under
the simulated solar light is the other point of interest of this work.

Three main hypotheses are claimed to be checked:

Hypothesis 1. Simultaneous utilization of Cu and Zr oxides on the surface
of TiO: is beneficial for photocatalytic degradation of wastewater pollutants.

At the first part of the research work, the hypothesis 1 is tested. The
hypothesis 1 is based on previous research works showing enhancement of
photocatalytic properties of TiO> modified with Cu and Zr (llkhechi et al. 2015a),
(llkhechi et al. 2015b). A synergy effect between Cu and Zr ions loaded
simultaneously is assumed to be present. The results of photocatalytic tests with
methylene blue dye and terephthalic acid were taken as a main criterion for
hypothesis evaluation. The basic characterizations of as synthesized photocatalytic
powders and the results of photocatalytic tests are discussed in the Chapter 3.1.

Hypothesis 2. Cu and Zr oxides form Cu-O-Zr moieties on the surface of
TiO> that beneficially contribute to the photocatalytic activity of TiO».

The second part of the research work is about evaluation of the hypothesis 2.
The hypothesis 2 is based on the study (Lin and Frei 2005b) where bimetallic
moieties Zr-O-Cu were shown as perspective assemblies facilitating visible light
photoactivity. Deep material structure characterization with XRD, EXAFS, XANES,
EPR analysis, visualization with TEM and determination of material surface
properties were chosen as a criterion for hypothesis testing. The results are presented
in the Chapter 3.2.

Hypothesis 3. RB19 dye at low concentration degrades essentially by means
of photocatalytic reaction.

The third part of the research work is dedicated to evaluate the hypothesis 3.
The 3™ hypothesis stands on the following statement: a competition between

30



photocatalytic and photosensitization mechanisms of dye degradation occurs under
the simulated solar light. Attempt to distinguish between photocatalytic and
photosensitization mechanisms was made. Determination of the governing
mechanism at low dye concentration is in the focus of this work. The TLS method is

chosen for hypothesis evaluation. The results are presented in the Chapter 3.3.
The objectives of the research work are summarized as follows:

1) to evaluate the effect of simultaneous presence of Cu/Zr on the properties
of TiOy;

2) to identify formation of Zr-O-Ti, Cu-O-Ti and Zr-O-Cu linkages on the
TiO, particles;

3) to determine the role of Zr-O-Ti, Cu-O-Ti and Zr-O-Cu moieties in
photocatalytic performance of TiO;

4) to reveal the reason of beneficial Cu/Zr loading;

5) to explore the capability of TLS method at low RB19 concentration;

6) to verify the governing mechanism responsible for RB19 degradation at

low concentration.

The results obtained in the first, second and third year of my PhD studies are
presented in the following chapters. They were presented also at the conferences: 9™
European meeting on Solar Chemistry and Photocatalysis: Environmental
Applications (SPEA9) in Strasbourg, June 2016; 1% AARC PhD Students Conference
on Environmental and Sustainable Energy in Maribor, November 2016; 21%
International Conference on Solid State lonics in Padua, June 2017; New
Photocatalytic Materials for Environment, Energy and Sustainability in Ljubljana,
July 2017; 10" European meeting on Solar Chemistry and Photocatalysis:
Environmental Applications (SPEAL0) in Almeria, June 2018; New Photocatalytic
Materials for Environment, Energy and Sustainability in Porto, July 2018.

The article with the title “Cu and Zr surface sites in the photocatalytic activity
of TiO2 nanoparticles” (authors: O. Pliekhova, I. Ar¢on, O.Pliekhov, N. Novak
Tusar, U. Lavren¢i¢ Stangar) has been published in the journal Environmental
Science and Pollution Research. The materials from this article are presented in the

chapter 3.1.

31



The article with the title “Cu and Zr surface sites in photocatalytic activity of
TiO2 nanoparticles: the effect of Zr distribution” (authors: O. Pliekhova, O. Pliekhov,
M. Fanetti, 1. Aréon, N. Novak Tusar, U. Lavren¢i¢Stangar) has been published in
the journal Catalysis Today. The materials from this article are presented in the
chapter 3.2.

The article with the title “Determination of photocatalytic properties of
copper and zirconium modified TiO. photocatalyst by photothermal techniques”
(authors O. Pliekhova, Z. Ebrahimpour, M. Abdelhamid, K. Gadejisso-Tossou,
H. Cabrera, D. Korte, J. Niemela, U. Lavren¢i¢ Stangar, M. Franko) is under
preparation for publication. The materials from this article are presented in the
chapter 3.3.
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2 EXPERIMENTAL

2.1. PREPARATION OF PHOTOCATALYSTS

The surface modified photocatalysts were prepared by modification of
commercial Aeroxide® Degussa P25 (P25). Organic and inorganic metal precursors
(MP) were adopted for surface modification. Deionized water prepared by a NANO
pure system (Barnstead) was used for all solutions preparation.

Organic MP were applied in combination of sol-gel and impregnation
methods. Ethanol absolute (C:HsOH) 99,9 % from Sigma-Aldrich, acetylacetone
(CsHgO2), 99 % from Merck, copper(ll) acetyl-acetonate (C10H14CuQs), 99 % from
Merck, zirconium(lV) butoxide, 80 % in 1-butanol Zr(OCsHo)4, from Sigma-Aldrich
were used. Sample solutions were prepared under ambient conditions with
continuous stirring. Titanium dioxide with 0.05; 0.1; 0.5; 1; 5 mol % of copper,
1 mol % of zirconium and double metal modified samples with 0.05 and 0.1mol % of
copper and 1mol% of zirconium were obtained. Initially, calculated amount of MP:
copper(ll) acetyl-acetonate (0.008; 0.016; 0.08; 0.16 or 0.8g) for copper
modification and zirconium(IV) butoxide (286 pL) for zirconium modification were
dissolved in 20 mL of absolute ethanol. Acetylacetone (chelating agent) was added
gradually in a molar ratio of MP/CsHgO> =1/3. Water was added dropwise in 10-time
excess to MP. Catalysts with simultaneous loading of Cu and Zr were prepared by
loading required amount of both MP at the same time. After 1h of stirring, 5 g of P25
was dispersed in obtained Cu or/and Zr solution in ethanol and the slurry was stirred
for another 1h. After slurries preparation, they were dried at 80 °C and calcined at
500 °C for 2h followed by the grinding process in an agate mortar.

Samples with inorganic origin of MP were produced by wet impregnation
method. Aqueous solutions prepared from Cu(NO3)2-2.5H20, 98 % (Alfa Aesar) and
ZrO(NOz3)2:xH20  (Fluka) were used. Before the solution preparation
crystalohydrates were calcined till the constant mass. Modified catalysts with 0.1 and
0.5 mol % of copper and 1.0 mol % of zirconium relatively to the Ti content were
prepared. Corresponding amounts of metal nitrates were dissolved in 20 mL of water
together with 1 g of P25. The slurry was sonicated in ultrasound bath at 90 °C for
1 h. Afterwards, the samples were dried at 150 °C and calcined at 500 °C for 30 min.
Obtained photocatalysts were grinded in agate mortar.
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The samples were denoted as P25/Cux, P25/Zr or P25/Zr/Cux, where X
indicated the molar percent of impregnated Cu ions, expressed as
nominal(theoretical) amount; the nominal amount of Zr in all Zr containing samples

was always 1 mol %.
2.2. PHOTOCATALYTIC TESTS

Photocatalytic experiments were performed by degrading the methylene blue
(MB) in water (initial concentration 10 ppm), Reactive blue 19C.I. (RB19) in water
(initial concentration 50 ppm) and terephthalic acid (TPA) in 2-10° M sodium
hydroxide solution (initial concentration 65 ppm). Suspensions consisted of 0.1 g,
0.1 g and 0.02 g of photocatalyst for MB, RB19 and TPA degradation, respectively,
in 100 mL of model pollutant solution. Before experiment each suspension was
sonicated for 10 min. In order to achieve adsorption-desorption equilibrium before
irradiation, each suspension was sustained for 1 h by stirring in the dark. After
equilibration, suspensions were irradiated in a solar simulator chamber (Suntest
XLS+, Atlas, USA) with Xenon lamp, using daylight filter. Irradiation intensity was
75.0 mW/cm? (300-800 nm) with UV fraction of 6.1 mW/cm? (300400 nm). The
experiments under UV light irradiation were carried out in the home made
photocatalytic chamber with UV light (Amax = 365 nm, 2.3 mW/cm?).

The beginning of the sample irradiation was treated as the onset of
photocatalytic reaction. Every time point after irradiation the sample of suspension
was taken and centrifuged at 1300 rpm for 3 min. Methods for determination of
model pollutants degradation are given below.

To follow the degradation of TPA (equation (9)), the formation of fluorescent
intermediate product of decomposition — 2-hydroxyterephthalic acid (HTPA) was

monitored:
[TPA] b, [HTPA] % other products (10)

where ki and k> are the rate constants of formation and degradation of HTPA,
respectively.

The concentration of HTPA was evaluated by Infinity F200, Microplate
reader, TECAN, Switzerland as an emission peak at wavelength 420 nm (excitation
wavelength — 314 nm). The data of HTPA formation with irradiation time was fitted
by solving simplified kinetic equation (Cernigoj et al. 2010):

34



[HTPA] = 2 (1 - e7k2t) (11)

2

where ki and k. are the rate constants of formation and degradation of HTPA,
respectively.

Concentration of MB was determined by Perkin Elmer UV/Vis
spectrophotometer at the 664 nm wavelength. Rate constants (k) were calculated
from the following equation:

IN(C{/Co) = -kt (12)
where Co and C; represent the MB concentrations at the photodegradation start and at
time t, respectively.

The percent of MB decolorization was estimated using the following relation:

MB decolorization (%) = [(Co - C)/Co] x 100 (13)

Concentration of RB19 was determined by Perkin Elmer UV/Vis
spectrophotometer at the 594 nm wavelength.

The percent of RB19 decolorization was estimated by using relation similar
to (13). Accuracy of photoactivity measurements was+ 3 %.

Total organic carbon (TOC) was determined by Analytik Jena AG MULTI
N/C 3100 analyzer. All the samples were centrifuged before analysis in order to
separate TiOznanoparticles from the solution. Prior to the TOC analysis purging with
oxygen during 150 s was applied for the solution and the sampleswere manually
acidified by 25 % H>SO4 (3 drops). The analyzer was set for: the sample volume
100 pL; the washing volume 2 mL; the furnace temperature 850 °C; the integration
time 300s.Percentage of mineralization was calculated from the determined
concentration of organic carbon (COC) in mg/L. COC calculated after incineration of
dye/catalyst solution before irradiation step was considered to represent 100 % of
organic compounds in the solution. COC after irradiation of dye/photocatalyst
suspensions during given time corresponds to organic compounds which have not

been mineralized yet.
2.3. CHARACTERIZATION OF Cu/Zr-TiO2CATALYST

2.3.1 X-ray diffractometry (XRD)

Diffraction of light can be observed when a wavelength is of the same order
of magnitude as a distance between scattering objects. The interatomic distances
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between neighboring atoms in crystals are about 0.5-2.5 A. The electromagnetic
radiation in this range is X-ray radiation. If the phase shift between the two
elastically scattered X-rays is multiple of 2n the interference appears and a peak in
the diffraction pattern is observed. A detailed characterization of peaks position and
intensity gives information about phase quantities, unit cell parameters and crystallite
sizes. All the crystallographic parameters can be refined with the best fit of observed
and calculated diffraction patterns.

The crystal structures of the TiO> samples were identified by X-ray
diffraction instrument (PAN-alytical Xpert proMPD, Almelo, Netherlands) using Cu
Ka irradiation (1.5406 A) over the range 10 to 80° 26 at a scan rate of 2°/min.

Diffraction patterns were compared with reference ICSD database. The
diffraction lines of anatase and rutile were detected and taken into account for data
refinement. The phase composition analysis was performed and unit cell parameters
were calculated by Rietveld refinement method based on the reference
diffractograms from ICSD database (High Score Plus software). Estimation of the
amount of the certain phase was performed by Profile fitting analysis. The quality of
Rietveld refinement was evaluated in terms of goodness of fit indicator.

The crystallite size was determined by the broadening of the (011) anatase
and (110) rutile peaks reflections by the Scherrer formula:

t = 0.9M/f cos 6) (14)
where t is the particle size in nm, X is the wavelength of X-rays in A (1.5418 A), B is
the full width of the diffraction peak on its half maximum (FWHM) in radians and 0
is the Bragg angle in radians (Jenkins; Snuder 1996).

The errors for calculated crystallite sizes were determined as 0.001 nm for
anatase and 0.002 nm for rutile. However, Scherrer formula yields an average value
of the crystallite size, which however is affected by several approximations, which
limit its application and reliability for heterogeneous catalysts (Hargreaves 2016).

Therefore, the use of a digit after the comma in the values is not recommended.
2.3.2 Scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)

A scanning electron microscope (SEM) scans a focused electron beam over a
surface to create an image. The electrons in the beam interact with the sample,

producing various signals that can be used to obtain information about the surface
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topography and composition. As the electrons interact with the sample, they produce
secondary electrons, backscattered electrons, and characteristic X-rays. These signals
are collected by one or more detectors to form images, which are then displayed on
the computer screen. When the electron beam hits the surface of the sample, it
penetrates the sample to a depth of a few microns, depending on the accelerating
voltage and the density of the sample. Many signals, like secondary electrons and X-
rays, are produced as a result of this interaction inside the sample.

EDX is a qualitative and quantitative technique associated to electron
microscopy. The elemental composition of the selected area of the sample can be
determined by measuring the energy of emitted photons by Energy Dispersive
Analyser (Goldstein et al. 2003).

A JSM — 7100f, JEOL scanning electron microscope (SEM) was used for
morphological analysis.

The actual zirconium and copper loading was determined by energy
dispersive X-ray (EDX) standardless analysis routed by means of field emission
scanning electron microscope (JSM — 7100f, JEOL) equipped with an EDX detector
(X-Max80, OXFORD). For making measurements the powders were pressed into
pellets.

2.3.3 Transmission electron microscopy (TEM)

The TEM operates on the same basic principles as the light microscope but
uses electrons instead of light. Because the wavelength of electrons is much smaller
than that of light, the optimal resolution attainable for TEM images is many orders of
magnitude better than that from a light microscope. Thus, TEM images can reveal
the finest details of internal structure - in some cases as small as individual atoms.

The beam of electrons from the electron gun is focused into a small, thin,
coherent beam by the use of the condenser lens. This beam is restricted by the
condenser aperture, which excludes high angle electrons. The beam then strikes the
specimen and parts of it are transmitted depending upon the thickness and electron
transparency of the specimen. This transmitted portion is focused by the objective
lens into an image. Optional objective apertures can be used to enhance the contrast
by blocking out high-angle diffracted electrons. The image strikes the phosphor

screen and light is generated, allowing the user to see the image. The darker areas of
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the image represent those areas of the sample where fewer electrons were transmitted
through while the lighter areas of the image represent those areas of the sample
where more electrons were transmitted through (Williams and Carter 2009).

The powders were dispersed in water and a drop of diluted suspension was
placed on a carbon-coated grid and evaporated at ambient temperature. Scanning
transmission electron micrographs were acquired on a JEOL JEM 2100 microscope
operated at 200 kV.

2.3.4 Nitrogen sorption measurements (BET SSA)

The specific surface area of a powder is determined by physical adsorption of
a gas on the surface of the solid and by calculating the amount of adsorbate gas
corresponding to a monomolecular layer on the surface. Physical adsorption results
from relatively weak forces (van der Waals forces) between the adsorbate gas
molecules and the adsorbent surface area of the test powder. The determination is
usually carried out at the temperature of liquid nitrogen. The amount of gas adsorbed
can be measured by a volumetric or continuous flow procedure. Gas adsorption also
enables the determination of size and volume distribution of micropores (0.35 — 2.0
nm).

The outgassing conditions defined by the temperature, pressure and time
should be chosen so that the original surface of the solid is reproduced as closely as
possible. Outgassing of many substances is often achieved by applying a vacuum, by
purging the sample in a flowing stream of a non-reactive, dry gas, or by applying a
desorption-adsorption cycling method. In either case, elevated temperatures are
sometimes applied to increase the rate at which the contaminants leave the surface.
Caution should be exercised when outgassing powder samples using elevated
temperatures to avoid affecting the nature of the surface and the integrity of the
sample.

The specific surface areas (SSA) of the samples were evaluated by obtaining
the adsorption isotherms by a Micromeritics Tristar 3000 instrument.Nitrogen was
used as adsorbate gas. The amount of adsorbed gas is correlated to the total surface
area of the particles including pores in the surface.

The samples were dried in a vacuum applying elevated temperatures. Unless

otherwise instructed P/PO of 0.1, 0.2 and 0.3 as standard measurement points were
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used. The volume of gas adsorbed to the surface of the particles was measured at the
boiling point of nitrogen (-196 °C). The calculation was based on the BET
theory(Sing 1985).

2.3.5 Diffuse reflectance UV/VIS spectroscopy (DRS)

The widely used method for estimation of the electron transition nature and
the energy band gap of the semiconductors is the UV/VIS diffuse reflectance
spectroscopy. Normally, the diffuse reflectance spectrum is converted to the

absorption spectrum by use of the Kubelka Munk equation:

K _ (1-Rw)? _
5= o =F(Rx) (15)

where K and S are Kubelka Munk scattering and absorption coefficients,
respectively; R is reflectance and F (R,) is remission (Kubelka Munk) function.

The band gap can be determined by plotting [F(R)hv]?or [F(Roo)hv]%
versus photon energy (hv). The intersection between the linear fit and the photon
energy axis gives the value of band gap energy (Lopez and Gémez 2012).

The diffuse reflectance UV/Vis absorption spectra of powdered samples were
measured using a UV/Vis spectrophotometer equipped with an integrating sphere
(LAMBDA 950 UV/Vis with 150 mm integrating sphere, Perkin Elmer, USA).
Direct and indirect band gaps were determined by plotting the Kubelka—Munk

transformation of the original diffuse reflectance spectra vs. photon energy.
2.3.6 Dynamic light scattering (DLS)

The DLS technique is based on the Rayleigh scattering. Because of Brownian
motion, which is the random movement of particles that collide to each other, the
scattering of the incoming light occurs at the particles in liquid media. This scattering
is oriented in all directions from the particle and caused by the light with bigger
wavelength than the particle size. Brownian motion is affected by the particle size,
viscosity of the liquid media and temperature. Since the viscosity and temperature
are known, the particle size can be determined.

The sizes of agglomerates of nanoparticles were measured by dynamic light
scattering (DLS) technique (Malvern, 2011), using particle size analyzer Brookhaven

90PIlus/BI-MAS. The suspension with concentration 50 mg/L in ddH20 was prepared
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(Taurozzi et al. 2012), sonicated for 10 min in an ultrasonic bath and left for 1 h to
stabilize. Optimum concentration was estimated by dilution of prepared solution. The
cuvette was filled with as prepared solution and measured. Then the solution was
diluted with water until the best result, with respect to polydispersity parameter,
counting rate and autocorrelation function. After that, suspension was measured 3

times in given time interval (O min, 30 min, 60 min).
2.3.7 HO' radical capturing test

Fenton’s reagent, which is a mixture of hydrogen peroxide and iron(ll)
sulfate, was used as a source of the hydroxyl radicals. All experiments were
performed in a batch mode at room temperature and under continuous stirring. The
250 mL Erlenmeyer flask equipped with a magnetic stirrer and covered with
aluminum foil to avoid contact with light was used as a reactor. In each experiment,
the reactor was loaded with a reaction mixture that contained powdered TiO>
samples (400.00 mg) and volume of 50.0 mL of the following reagents at the final
concentrations stated in brackets: RB19 (50.00 mg/L), Fe2SO4-7H20 (1.000 mg/L).
The pH of the reaction medium was adjusted to 3 using 1.00 M H2SO4 to enhance
H20- stability and to prevent the precipitation of iron at higher pH. The reaction was
initiated by the addition of H2O2 (concentration in the final solution 10.00 mg/L).
After initialization, the reaction mixture was left in the dark for 60 min. After that the
mixture was centrifuged and filtered. The reaction between produced HO' radicals
and TiO catalyst was tracked by decolorization of RB19 dye. The absorbance of
RB19 at A=595 nm was used as a measure of the degradation process by using a
Hewlett Packard HP 8453 UV/Vis spectrometer. The conversion of RB19 was used
to quantify the decomposition efficiency (De) according to:

De = (4, — A)/A, (16)

where Ag is the absorbance of the RB19 solution before the addition of H2O, and A

is the absorbance of the BR19 solution after the reaction.
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2.3.8 Amine titration for determination of surface acidity of Cu/Zr-TiO2

catalysts

In the amine titration method with indicators, the color of suitable indicators
adsorbed on the surface is giving a measure of its acid strength. The surface acidity
of the catalysts was determined by titration with n-butylamine following the
procedure described by (Papp et al. 1994). Four Hammett indicators with different
pKa were used: bromothymol blue (pKa = +7.2), neutral red (pKa = +6.8), methyl red
(pKa = +4.8), methyl yellow (pKa = +3.3). Photocatalytic powder (0.1 g) was
dispersed in 10 mL of benzene. Three drops of 0.01N indicator solution in benzene
were added to the flask. Stirring with teflon bar was applied during the experiment.

N-butylamine (0.0IN in benzene) was used for titration the catalyst
suspension. The amount of N-butylamine required to affect the colour change on the
surface of the powder was recorded. If the colour is that of the acid form of the
indicator, then the value of the Ho function of the solid is equal to or lower than the
pKa of the conjugated acid of the indicator.

The amount of acid on a solid (A) is expressed as the number of mmol of acid

sites per unit weight:
A=C-V/m (17)

where C is a concentration of N-butylamine (0.01 N), V is volume of N-butylamine
used for titration, m is a mass of photocatalytic powder.
The number of acidic sites belonging to the particular crystal phase is

calculated for each photocatalyst:

AX)ur = Agm (18)
A(X)pg = A1 + Aps (19)
AX)ng = Ay + Apgs + Al (20)

where Aygr, Agg, Ayg are the number of mmol of acid sites per unit weight
determined by methyl red (MR), bromothymol blue (BB) and neutral red (NR),
respectively; (X) is the name of the sample; the superscripts R and A are related to
the rutile and anatase, respectively.

The number of acidic sites covered by modifier is expressed as:

AC(X)) = A(P25)) — A(X)) (21)
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where ACis the number of mmol of acid sites per unit weight covered by
modifier; (X) is the name of the sample; the superscript y is R or A related to the
rutile or anatase, respectively; the subscript z is pK1 or pKo.

The fraction of surface sites covered with modifier is expressed as:

y
FX)? =259 » 1009 (22)

A(P25))
where F is the fraction of surface sites covered with modifier, %; ACis the
number of mmol of acid sites per unit weight covered by modifier; (X) is the name of
the sample; the superscript y is R or A related to the rutile or anatase, respectively;

the subscript z is pKj or pKa.
2.3.9 Complexometric titration with EDTA

Precise amount of 0.5 g of the sample powder was mixed with 20 mL of
conc. H2S04 (d=1.84 g/cm?®) and 8.00 g of (NH4)2SOs4 in a 250 mL glass beaker.
Mixture was heated at 200 °C until dissolved. Cooled solution was diluted with
water, and basified to pH 10 with 20 % NaOH in order to ensure the separation of
soluble copper-ammonia complexes from precipitated titania. Precipitate was
removed by filtration and washed with water. The filtrate was acidified to pH 5 with
20 % HCI and titrated with 0.005 M solution of EDTA using xylenol orange as an
indicator.

2.3.10 Isoelectric point (IEP)

Surfaces of solid particles immersed to the liquid naturally charge to form a
double layer. In the common case when the surface charge-determining ions are
H*/OH", the net surface charge is affected by the pH of the liquid in which the solid
is submerged. In the absence of chemisorbed or physisorbed species particle surfaces
in aqueous suspension are generally assumed to be covered with surface hydroxyl
species.

The isoelectric point (IEP), is the pH at which a particle is electrically neutral.
The net charge on the particle is affected by pH of its surrounding environment and
can become more positively or negatively charged due to the gain or loss of protons

(H"). At pH values above the IEP, the predominant surface species is Me-O~, while
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at pH values below the IEP, Me-OH>" species predominate (Chevalier and Bolzinger
2013).

Isoelectric points were determined using Zetasizer nano ZS instrument
(Malvern) with electrophoretic light scattering technology in the pH range of 2-12
adjusted by the addition of either 0.1 M NaOH or 0.1 M HCI. The pH value of each
suspension was measured using a digital pH meter (Mettler Toledo). The powder
samples were preconditioned in cold ultrasonic bath for 1h to attain homogeneous

suspension.
2.3.11 X-ray absorption spectroscopy (EXAFS and XANES)

EXAFS and XANES spectra of Cu and/or Zr modified TiO, samples with
varied metal concentrations and reference Cu and Zr compounds were measured at
P65 beamline of PETRA 11l (DESY) and XAFS beamline of ELETTRA synchrotron
radiation facilities in fluorescence or transmission detection mode. A Si (111) double
crystal monochromator was used at both beamlines, with energy resolution of about
1leV at Cu K-edge and about 2 eV at Zr K-edge. At P65 beamline a flat mirror
installed in front of the monochromator was used to effectively remove higher-order
harmonics. The intensity of the monochromatic X-ray beam was measured by three
consecutive ionization detectors. At P65 beamline 5 cm long ionisation chambers
were used, filled with following gas mixtures for Cu K-edge: 1000 mbar N (first),
1000 mbar Ar (second), 1000 mbar Kr (third). At XAFS beamline 30 cm long
ionisation chambers were used, filled with following gas mixtures for Cu K-edge:
(first) 1250 mbar N2, and 750 mbar He; (second) 250 mbar Ar, 1000 mbar N> and
750 mbar He; (third) 1000 mbar N2, 300 mbar He, and 700 mbar Ar; and for Zr K-
edge: (first) 300 mbar Ar, 1000 mbar N2 and 700 mbar He; (second) 2000 mbar Ar,
(third) 400 mbar Kr, 1000 mbar N2, and 600 mbar He.

The samples were prepared in the form of homogenous pellets, pressed from
micronized powder mixed with boron nitride(BN). In all cases the total absorption
thickness of the sample was about 2.5 above the Cu or Zr K-edge. Sample pellets
were placed between the first and second ionization cell. For the samples with low
Cu concentrations, fluorescence detection mode was used, with SDD fluorescence
detector at XAFS beamline, and 7-pixel HPGe detector at P65 beamline, to measure

the intensity of Cu K-alpha emission line. At both beamlines we used 100-micron
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thick aluminium foil as a filter to reduce Ti K-alpha signal from the sample. Three to
seven repetitions of the scans with integration time of 5 s/step, were superimposed to
improve signal-to-noise ratio. Individual scans were measured on different spots of
the same sample to avoid radiation damage.

The absorption spectra were measured in the energy region from -150 eV to
+1100 eV relative to the Cu K-edge (8979.0 eV) or Zr K-edge (17998.0 eV). In the
XANES region equidistant energy steps of 0.3 eV were used, while for the EXAFS
region equidistant k steps of 0.03 A™* were adopted. The exact energy calibration was
established with simultaneous absorption measurement on a 7-micron thick Cu or Zr
metal foil placed between the second and the third ionization chamber. Absolute
energy reproducibility was +0.03 eV.

The analysis of XANES and EXAFS spectra is performed with Demeter
(IFEFFIT) program package (Ravel and Newville 2005) in combination with FEFF6
program code (Rehr et al. 1992) for ab initio calculation of photoelectron scattering
paths.Structural parameters of the local Cu or Zr neighborhood (type and average
number of neighbors, the radii and Debye-Waller factor of neighbor shells) were
quantitatively resolved from the EXAFS spectra by comparing the measured EXAFS
signal with model signal, constructed ab initio with the FEFF6 program code from
the set of scattering paths of the photoelectron in a tentative spatial distribution of
neighbor atoms.

The EXAFS models included three variable parameters for each shell of
neighbors: the shell coordination number (N), the distance (R) and the Debye-Waller
factor (62). A common shift of energy origin AE, was also varied for each shell. The
amplitude reduction factor So? was fixed at the value of 0.85 for Cu EXAFS and 0.90
for Zr EXAFS.

The FEFF model for Cu K-edge EXAFS spectra comprised six oxygen atoms
in nearest coordination shell, distributed at two distances characteristic for
octahedrally coordinated Cu(ll) cations tetragonally distorted due to Jahn-Teller
effect. In the more distant coordination shells Ti, Cu, Zr and O atoms are included in
the model at distances characteristic for the expected Cu(ll) species that may be
present in the samples (CuO nanoparticles or hetero-metallic Cu-O-Ti and Cu-O-Zr
species). In a similar way, the FEFF model for Zr K-edge EXAFS spectra is

constructed. It comprised oxygen atoms in nearest coordination shell, distributed at
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two different distances, and Ti, Cu, Zr and O atoms in the more distant coordination
shells to identify a presence of ZrO nanoparticles or hetero-metallic Zr-O-Ti or Zr-O-
Cu bonding. The atomic species of neighbors are identified in the fit by their specific

scattering factor and phase shift.

2.3.12 Electron paramagnetic resonance (EPR) spectroscopy

The low temperature EPR experiments were performed by EMX Plus EPR
spectrometer (Bruker, Germany) operating in Q-band in the standard ER 5106 QT Q-
band probe for cw-EPR and by EMX EPR spectrometer (Bruker) operating in X-
band at 100 kHz field modulation in the standard TEi02 (ER 4102 ST) rectangular
cavity using thin-walled quartz EPR tubes (Bruker). The temperature was lowered to
100 K by the temperature control unit ER 4141VT-U (Q-band; Bruker) or ER 4111
VT (X-band; Bruker) with liquid nitrogen as the refrigerant. The EPR spectra of
powder TiO. samples were recorded at room temperature (RT) and/or at 100 K, in
dark or upon continuous in situ UV or visible light photoexcitation. The irradiation
source of the UV light was a UV LED monochromatic radiator (Amax =365 nm;
Bluepoint LED, Honle UV Technology). The value of the irradiance (Amax = 365 nm;
20 mW cm~2) within the EPR cavity was determined using a UVX radiometer (UVP,
USA). The LED light source KL 1600LED (T =5600 K; Schott, Germany) was
applied to provide the visible light irradiation, characterized with the illuminance of
160 kIx measured by a digital lux meter (Metra Blansko, Czech Republic). The g-
values were determined with an uncertainty of +0.0005 by the simultaneous
measurement of a reference sample containing Mn(I1)/MgO standard (Yordanov et
al. 1999) or using a built-in magnetometer.

The EPR experiments with TiO2 powders dispersed in water or
dimethylsulfoxide were carried out by means of EMXPlus X-band EPR
spectrometer with a High Sensitivity Probe-head (Bruker) in the small quartz flat cell
(WG 808-Q, Wilmad-LabGlass, optical cell length 0.045 cm). The spin trapping
agent (5,5-dimethyl-1-pyrroline N-oxide, DMPO) was added to the TiO2 stock
suspensions (1 g L), which were further diluted to the final TiO2 concentration of
0.33g L. The prepared suspensions were then carefully aerated by a gentle air

stream. The samples were irradiated at 295 K directly in the EPR resonator using
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LED sources of either UV (Amax=365nm; 14 mWcm™) or visible (160 kIx)
radiation and the EPR spectra were recorded in situ.

All the EPR experiments were carried out at least in triplicate; with the
standard deviation in the relative EPR intensity of + 10 %. The concentration of
photogenerated paramagnetic species was evaluated from the double-integrated EPR
spectra based on the calibration curve obtained from the EPR spectra of 4-hydroxy-
2,2,6,6-tetramethylpiperidine (Tempol) solutions measured under strictly identical
experimental conditions. The experimental isotropic EPR spectra were analyzed and
simulated using the Bruker software (WIinEPR) and Winsim2002 software (Duling
1994).

2.3.13 Thermal lens spectrometry (TLS)

The degradation of RB19 by unmodified and Cu or/and Zr modified TiO;
nanoparticles was investigated under simulated solar light irradiation with a 300W
UV lamp (Osram Ultra Vitalux 300W E27) with radiated power of 13.6 W in near
UV (315-400 nm) and 3.0 W at shorter wavelengths (280-315 nm), the remaining
284 W at Vis (400-800 nm) light. The lamp was placed in a vertical position at 5 cm
distance from the cuvette. The sample containing 6 g/L of photocatalyst suspended in
an initial concentration of 5 mg/L RB19 was placed in a 1cm-1cm-5¢cm quartz cuvette
and illuminated by the lamp over 50 min. After each 5 minutes of irradiation, the
suspension has been left for about 20 min to relax and remove any thermal energy
induced by illumination. The TLS measurements were performed after each 5 min
time interval of irradiation.

The experimental setup of TLS system for the dye degradation measurements
used in this work is shown schematically in Fig. 9. The excitation laser beam (MGL-
111-532-100, UltraLasers) at 532 nm wavelength and with 25 mW power was first
collimated and after that focused into a small spot of 20 microns on the sample
surface using a set of lenses L3, L4, L5 with 30 mm, 15 mm, 100 mm focal lengths
(LB1757-A, LB1437-A,LB1676-A,Thorlabs), respectively. The excitation beam was
modulated in intensity at 1 Hz frequency by a signal generator (RIGOL DG1022,
RIGOL Technologies, Inc). The TL effect was probed by a 3 mW output power at
632.8 nm output wavelength He-Ne probe laser beam (05-UR-111, Melles Griot)

which was previously collimated in a 6 mm spot using a set of 30 mm and 15 mm
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focal length lenses (LB1757-A, LB1437-A, Thorlabs), respectively. Both beams
were directed coaxially through the sample using a dichroic mirror DM (DMSP605,
Thorlabs). Then, the resulted intensity change was detected by the Si amplified
detector (PDA 36A-EC, Thorlabs) equipped with a pinhole of 0.5 mm diameter
located in front of it. The TL signal was recorded directly using both a digital
oscilloscope (RIGOL DS1102E, RIGOL Technologies, Inc) and a parallel Arduino
(Mega 2560, Arduino).

Oscilloscope

. Sample cell

Aperture
Red filters

Photodetector

Probe laser@632.8 nm]

L2 L1

Fig. 8. Scheme of the TLS experimental setup. L1, L2, L3, L4, L5: lenses,
M1, M2, M3, M4: reflecting mirrors, DM: dichroic mirror.

The absorbance spectra of the investigated samples were recorded on a dual
beam UV-Vis spectrophotometer (PERKIN ELMER, model Lambda 650) in a
10 mm optical path quartz cuvette (HELLMA, model 100-QS). According to
producer’s specification the photometric accuracy of the instrument within the 440-

635 nm range is £0.005 a.u.
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Fig. 9.0ptical absorption spectrum of 10 ppm RB19 solution.

Fig. 9 shows the optical absorption spectrum of 10 ppm RB19 solution
recorded with UV-Vis spectrophotometer. As it can be seen, the spectrum was broad
and has a maximum absorption peak at 590 nm. However, the available excitation
laser was emitting at 532 nm and the absorption bands of the photocatalysts
(unmodified and Cu/Zr modified TiO>) are in the blue region of the optical spectrum.
Therefore, the selected pump beam wavelength was suitable also for sensing RB19

degradation although the absorption of the dye is half of the maximum value.
2.4. PHOTOCATALYTIC FILMS
2.4.1 Film preparation

Obtained powders were dispersed in titania-silica sol-suspension according to
patented procedure and previous studies of commercial powder catalysts
immobilization (Kete et al. 2014). Titanium tetraisopropoxide in ethanol solution
was hydrolyzed by aqueous solution of perchloric acid. After hydrolysis and
condensation reactions suspension was refluxed for 48h resulting in nanocrystalline
TiO2 sol. Separately, thetraethoxysilane (TEOS), deionized water and hydrochloric
acid were mixed, producinghomogeneous silica sol. Further, nanocrystalline TiO>
sol, silica sol, colloidal SiO. and ethanol were mixed together producing binder sol.
Finally, corresponding Cu or Zr modified P25 powders were dispersed in the binder
sol. The films were immobilized on microscope slides (76 mm-26 mm-1 mm) by the
dip coating technique with 10 cm/min pulling speed. After the deposition the layer

was dried using a hair dryer and treated at 150°C for 30 min.
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2.4.2 Mechanical stability test

Mechanical stability of deposited layers was determined by Hardness Pencil
test (also named Wolff-Wilborn test) with ELCOMETER 501.The Elcometer 501
tester uses graphite pencils with different hardness. It was designed to ensure that the
pencil is maintained at a constant angle of 45° and exerts a force of 7.5 N. The pencil
must be prepared with the special sharpener and abrasive paper before using. After
preparation, the device was pushed over the flat-coated surface. The lowest hardness
value of the pencil, which marks the coating, determines the coating’s hardness

rating.
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3. RESULTS AND DISCUSSION
3.1. EVALUATION OF THE FIRST HYPOTHESIS.

Hypothesis 1. Simultaneous utilization of Cu and Zr oxides on the surface

of TiO: is beneficial for photocatalytic degradation of wastewater pollutants.

SIMULTANEOUS LOADING OF Cu AND Zr IONS FOR
PHOTOCATALYTIC DEGRADATION OF WATER POLLUTANTS UNDER
THE SIMULATED SOLAR LIGHT

The photocatalytic powders modified with Cu and Zr ions were obtained by
wet impregnation method with Aeroxide® Degussa P25 (P25) as a source of TiO:
and metal nitrates Cu(NOz)2-2.5H20 and ZrO(NOs3)2-xH20 as sources of metal ions.
The crystal structures of Cu and Zr modified TiO; catalysts were determined by
XRD. X-ray diffraction patterns of Cu and Zr modified TiO, along with reference
P25 compound are presented in Fig. 10.

Table 1. Phase composition, particle size, specific surface area (SSA) and

Zr/Cu loading of TiO; catalysts.

Phase Particle size SSA (Sget), | Zr/Cu loading (EDX),
Sample Phases
content,% (SEM), nm m?/g mol %
Anatase 87.2
P25 20-30 48.45+0.04 -/-
Rutile 12.8
Anatase 87.2
P25/Zr 20-30 51.06+0.03 1.2+0.1/-
Rutile 12.8
Anatase 86.4
P25/Cug; 20-30 46.27+0.04 -/0.09+0.03
Rutile 13.6
Anatase 87.3
P25/Cugs 20-30 42.96+0.04 -/0.27+0.03
Rutile 1.6
Anatase 86.5
P25/Zr/Cuo1 20-30 50.92+0.04 1.1+0.1/0.08+0.03
Rutile 135
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Counts

As it is evident from the figure, only characteristic peaks belonging to P25 are
found for all modified TiO, samples. No separate Cu or Zr ions containing
crystalline phases have formed during preparation. Phase composition of
photocatalysts according to X-ray data is about 87.0 % anatase and 13.0 % rutile
(Table 1).
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Fig. 10. X-ray diffraction patterns of P25 and Cu and Zr modified P25
photocatalysts.
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As it is evident from the Table 1, introduction of copper and zirconium does
not affect the phase composition. It does not significantly affect the specific surface
area (SSA) of the catalyst, which usually has a great impact on the photocatalytic
activity of the sample. Determined SSA of the reference catalyst P25 is
48.45+0.04 m?/g, which is in good agreement with data published in the literature
(Suttiponparnit et al. 2011), (Jafry et al. 2011). Usually, because of heterogeneity of
the particles the range of SSA reported for P25 is between 46 and 53 m?/g. All the
obtained results are in good agreement with literature (Di Paola et al. 2002),
(Hernandez-Alonso et al. 2006), however, the SSA changes are within the error
range of 5% and cannot be taken into account as reliable differences.

The photocatalytic test of Cu and Zr modified P25 was performed with MB
dye as a model pollutant. The kinetics of MB decomposition is well described by the

first order reaction for synthesized catalysts (Fig. 11).
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Fig.11. Photocatalytic MB decolorization promoted by Cu and Zr modified
P25 nanoparticles under the simulated solar light (determined rate constants (k+0.01,
min): 0.08 for P25, 0.09 for P25/Zr, 0.11 for P25/Cuo.1, 0.04 for P25/Cuos, 0.16 for
P25/Zr/Cuo.1).
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Evaluation of photocatalytic efficiency, obtained by MB decolorization,
suggests that introduction of 0.1 mol % of Cu ions improves efficiency of the TiO>
nanocomposite by 9 %. Nevertheless, higher loading of Cu results in a photocatalytic
efficiency decrease by ~28 %. Introduction of 1 mol % of Zr shows only slight
increase in the efficiency (~2 %). These results are in good agreement with previous
studies (Hernandez-Alonso et al. 2006), (Li et al. 2008). Simultaneous loading of Zr
and 0.1 mol % of Cu to the P25 nanoparticles results in 16 % efficiency increase of
TiO2 photocatalyst.

Discoloring of dyes usually appears due to the destruction of chromophore,
which is responsible for color. However, the main molecular structure of dye is not
easily degradable. In order to explore the ability of the photocatalyst to mineralize
the model pollutant, TOC analysis before and after photodegradation of MB was

determined.
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Fig. 12. The photocataltytic mineralization of MB with P25 and P25/Zr/Cuo.1

catalysts determined by TOC measurements.

After 20 min of irradiation 80 % of MB was discolored by P25 catalyst. The
level of mineralization reached 30 %. By contrast, improved mineralization
efficiency was achieved with P25/Zr/Cuo1 catalyst showing 96 % of MB
discoloration and 46 % of mineralization level after 20 min reaction time. No traces

of organic nitrogen after this time were detected, demonstrating breakdown of
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nitrogen-containing groups in MB molecules by this time. Fig. 12 shows that with
extension of reaction time the mineralization degree is raising, reaching 57 % in 300
minutes for P25/Zr/Cuo 1 catalyst.

As the MB dye was suspected to degrade through the photosensitization,
which could prevail over photocatalytic pathway under the visible light, it was
interesting to check if the tendency in behavior of Cu and Zr modified photocatalysts
remains the same at the presence of another pollutant. As alternative model pollutant
terephthalic acid was chosen. Terephthalic acid is one of the well-known
environmental organic probes since its derivatives are used in synthesis process of
variety of chemical compounds (Thiruvenkatachari et al. 2007). With regard to MB,
slightly different trend was traced for TPA degradation by following the
concentration of HTPA (Fig. 13). It can be seen from Fig. 14 that in case of HTPA
formation better photocatalytic activity of the modified samples with respect to
unmodified P25 was not detected. However, addition of both Cu and Zr to the TiO>
surface still showed better result than single Cu or Zr modified TiOx.

The lowered photocatalytic activity registered for Cu modified TiO2 with
respect to the P25 and shape of kinetic curves (Fig. 13) is an open question needed
more experimental data. However, it may be attributed to the limitations of the
method used, where the main analytical signal is the formation of fluorescent
intermediate — HTPA. The evaluation of the photocatalytic activity using TPA
degradation process in aqueous solution relies only on TPA to HTPA transformation
and completely ignores decomposition of TPA through other pathways, affecting the
observed results (Bubacz et al. 2013).
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Fig. 13. The kinetics of HTPA formation with Cu and Zr modified P25
catalysts (determined rate constants (k+1-10* min™): 7-10° for P25, 6-10° for
P25/Zr, 2-10° for P25/Cuo.1, 8-10 for P25/Cuos, 4107 for P25/Zr/Cuo.1).

The morphology of all copper and zirconium modified TiO> nanoparticles
studied by SEM reveals that there is no impact of additives on the shape and the size
of the particles (Fig. 14a, b). The average size of the primary nanoparticles remains
stable for all compounds and lies in the range of 20 to 30 nm. In order to inspect the
loading of Cu and Zr in synthesized catalysts, EDX analysis was carried out.
Analysis shows that measured concentrations of copper and zirconium in prepared
catalysts are in good agreement with their theoretical concentrations, except for
0.5 mol % of Cu, where concentration appears to be ~50 % lower than theoretical Cu
loading (Tablel). Nevertheless, it is worth mentioning that Cu loadings are close to
detection limit and reliable measurement is achieved for zirconium only (Goldstein et
al. 2003).
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Fig. 14. SEM images and qualitative EDX spectra of a) unmodified P25 and
b) P25/Zr/Cug .

Calcination step is crucial in utilized wet impregnation method as nitrogen-
containing residuals can influence the efficiency of prepared catalyst. Data of the
thermal decomposition of Cu(NOz3)2-2.5H20 into CuO at 200 — 250 °C (Morozov et
al. 2003) and ZrO(NOs). into ZrOz at 575 °C (Wendlandt 1956), implies that
calcination at 500 °C should be enough to remove all nitrogen residuals. In order to
check this assumption, we additionally checked nitrogen presence by EDX. Indeed,
no nitrogen was detected in any of the samples, justifying assumption described
above.

The photocatalytic activity is closely related to the size of nanoparticles, so
the particle size is an important factor, which needs to be properly defined. However,
the electrostatic interaction between nanoparticles in water medium results in
secondary particles (Domingos et al. 2009). Therefore, the size of the agglomerated
nanoparticles was used as characteristic parameter to be considered for suspended
catalyst in water. Results of DLS measurements are presented in Fig. 15. It should be
noted that Cu modified particles have higher tendency for agglomeration and the size
of agglomerates rises with time, which could negatively affect their photocatalytic
activity. The obtained results of lower photocatalytic activity with higher copper

loading can be elucidated with the strengthened agglomeration tendency of the
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samples. The polymeric surface modification (Phenrat et al. 2008) can be applied to
decrease the impact of agglomeration promoted by the metal ions. Nevertheless, it is
important to notice that Zr showed an ability to lower Cu induced agglomeration,

most probably by changing the surface properties of the material (Fu et al. 1996).
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Fig. 15. The mean diameter of agglomerates of Cu and Zr modified P25
measured by DLS at three time intervals (0, 30, 60 min) after 1h stabilization of

ultrasonically treated suspension.

The adsorption, or bonding of Cu cations on the surface of TiO. particles,
with the consequent formation of Cu-O-Ti bridges, was stated as the key mechanism
that facilitates charge separation in TiO> particles (Li et al. 2008). Therefore, we used
Cu K-edge EXAFS and XANES analysis to monitor the local Cu neighborhood in
the catalysts and to identify copper coordination and valence state, and copper
species in the synthesized nanocomposites. Normalized Cu K-edge XANES spectra
of the catalysts together with the spectra of attributing Cu compounds are shown in
Fig. 16.

As a rule, valence state of Cu cation can be determined from the energy
position of the Cu K-edge. The change in energy (about 4 eV) of the Cu K-edge is
observed with Cu* to Cu?* conversion (Lytle et al.1988), (Manceau and Matynia
2010), (Norma et al. 2005). The energy position of Cu K-edge in P25/Zr/Cuo.1 and

P25/Zr/Cuos calcined at 500 °C, coincides with the energy position of Cu?* reference
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compounds (Fig. 17), so we can conclude that Cu cations in the photocatalysts are in
divalent form. The same conclusion can be drawn for Cu cations in the photocatalyst
precursor, dried at 150 C, before calcination.

The comparison of the Cu K-edge profiles of the catalyst samples clearly
indicates differences in the local symmetry of Cu?" cation in P25/Zr/Cuo1 and
P25/Zr/Cuos sample calcined at 500 °C (Fig. 16). The pre-edge shoulder in the
calcined P25/Zr/Cuo1 sample is more pronounced and positioned at lower energy
(8985 eV) than in the calcined P25/Zr/Cuos or in the P25/Zr/Cuo.1 dried at 150°C,
before calcination (where the shoulder is at 8987 eV). The shoulder appears in case
of octahedral Cu?* coordination, tetragonally distorted due to the Jahn-Teller effect.
In previous studies it was attributed to the 1s to 4p dipole excitation (Lytle et al.
1988), (Frenkel et al. 2000), (Manceau and Matynia 2010). In CuO the shoulder’s
energy position is at 8985 eV.

The spectrum of the calcined P25/Zr/Cuo.1 sample can be defined as a linear
combination of CuO (72 %), CuSO4-5 H>0 (15 %) and Cu(OH)2 (13 %) spectra. The
same XANES spectra, but with different relative ratios: CuO (52 %), CuSQO4-5 H.0
(16 %) and Cu(OH)2 (32 %) can be used for the best description of the P25/Zr/Cuos
spectra. The spectrum of the P25/Zr/Cuq.1 precursor dried at 150 °C can be fitted by
two reference spectra CuSO4-5 H20 (35 %) and Cu(OH)2 (65 %), without any CuO.

The Cu K-edge EXAFS analysis was used to arbitrate the structure around Cu
cations in the photocatalysts. Fourier transform (FT) of Cu EXAFS spectra of the
P25/Zr/Cuo.1 sample after drying at 150 °C, and calcined at 500 °C, and P25/Zr/Cuos
sample calcined at 500 °C are shown in Fig. 16. The first peak between 1 A and
2.2 A is contributed by oxygen neighbors in the nearest coordination shell. More
distant Cu neighbors contribute weaker peaks between 2.5 A and 3.5 A. Qualitative
comparisons of the FT spectra clearly show that average Cu neighborhood in the

samples is not the same.
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Fig. 16. Cu K-edge XANES spectra of the P25/Zr/Cuo.1 sample after drying at
150 °C, and calcined at 500 °C, and P25/Zr/Cuos sample calcined at 500 °C.
Reference Cu* and Cu?* copper compounds with different Cu cation coordinations
(Cuz20, CuO, CuSO4 -5 H20, Cu(OH)2, Cu(NOs3)2:2,5H20 crystalline and 0.1 M
aqueous solution of Cu(NOz)2) are shown for comparison. The spectra are shifted
vertically for clarity. The pre-edge shoulder at 8983 eV in the calcined P25/Zr/Cuo.1

sample is indicated by the arrow.

The structural parameters were determined by comparison of the measured
and model EXAFS spectra. It should be stressed, however, that two or more Cu?*
species with different copper cation neighborhood may coexist in each sample, and
the resulting EXAFS signal represents average Cu neighborhood in the sample.

Our EXAFS model was composed of six oxygen atoms in the nearest Cu
coordination shell at two different distances, nitrogen or oxygen neighbors in the
next shell and Ti, Cu and/or Zr neighbors at larger distances. Types of atoms in
neighbor shells are resolved in the EXAFS analysis by the characteristic
photoelectron backscattering factor and phase shift, however, atoms with consecutive
atomic numbers, such as O and N, produce a very similar backscattering amplitudes

and phase shifts, and are therefore difficult to resolve from each other.
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The EXAFS model included three variable parameters for each shell of
neighbors: the coordination number, the distance to the neighbor atoms and the
Debye-Waller factor. The amplitude-reduction factor Se? was fixed at the value of
0.85. A common shift of energy origin AE, was also varied for each shell. To
improve the stability of the fit and reduce parameter uncertainties, a parallel fit of all
three EXAFS spectra was performed, where some of the parameters were
constrained to common values. We used same Debye-Waller factors for the same
type of neighbors in each coordination shell, and same values for the Cu-Ti, Cu-Cu
interatomic distances in all three sample spectra.

An excellent EXAFS fit (Fig. 17) was obtained in the R range of 1 to 3.5 A
and in the k range of 2.5 — 11 A in case of P25/Zr/Cuo1 and 3.0-11.8 A in case of

P25/Zr/Cuossample. Best fit parameters are given in Table 2.

P25/7¢/Cu0.5_500°C

o
-

—

P25/71/Cu0.5 150°C

FT magnitude (arb. units)

P25/Zx/Cu0.1_500°C

2 3
R (A)

Fig. 17. Fourier transform magnitude of k3-weighted Cu EXAFS spectra of
the P25/Zr/Cuo1 sample after drying at 150 °C, and calcined at 500 °C, and
P25/Zr/Cuos sample calcined at 500 °C, calculated in the k range of 2.5 - 11 A" and
R range of 1 to 3.5 A. Experiment — (solid line); model -- (dashed line).

Cu EXAFS results show that Cu atoms in all three samples are coordinated to
six oxygens in a distorted octahedron: four oxygen atoms in the equatorial plane are

at shorter Cu-O distance (1.91 A - 1.94 A), and two oxygen atoms on axial positions

61



at longer distance (2.33A - 2.43 A). The differences between the equatorial and axial
Cu-O distances are slightly distinct for the three samples.

Table 2. Parameters of the nearest coordination shells around Cu cations in
the P25/Zr/Cuo.1 sample after drying at 150 °C, and calcined at 500 °C, and in the
P25/Zr/Cuos sample calcined at 500 °C: average number of neighbor atoms (N),
distance (R), and Debye-Waller factor (¢?). Uncertainty of the last digit is given in
parentheses. A best fit is obtained with the amplitude reduction factor So? = 0.85. The

shift of the energy origin AE, and R-factor (quality of fit parameter), are listed in the

last column.
Cu N R[A] o? AEo/R-factor
P25/Zr/Cuo.1 150 °C
0 3.8(5) 1.91(2) 0.008(2)
2.2(5 2.43(4 0.008(2
®) ) @) -7+ 3eV/
N 2(1) 2.73(3) 0.008(2) 0.0005
Ti 1.0(5) 3.03(3) 0.012(2)
Cu 1.0(5) 3.36(6) 0.007(2)
P25/Zr/Cuo.1 500 °C
0 3.8(3) 1.94(1) 0.008(2)
0] 2.2(3 2.38(1 0.008(2
3 ) (2) 642V
0 2.0(4) 2.71(3) 0.008(2) 0.0029
Ti 0.7(3) 3.03(3) 0.012(2)
Cu 1.1(5) 3.36(6) 0.011(2)
P25/Zr/Cuos 500 °C
0 3.9(3) 1.92(1) 0.008(2)
0] 2.1(3 2.33(4 0.008(2
3 4) (2) 8128V
0 2.2(2) 2.57(6) 0.008(2) 0.0014
Ti 1.1(2) 2.92(6) 0.012(2)
Zr 3(2) 3.63(6) 0.020(6)
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Two nitrogen atoms at 2.73 A in the P25/Zr/Cup1 sample dried at 150 °C
were found. Nitrogen could be ascribed for two nitro groups attached to copper
cation forming Cu-O-N bridges. After calcination at 500 °C two nitrogen neighbors
are replaced with two oxygen neighbors at about the same distance.

It must be taken into account that the atoms with consecutive atomic
numbers, such as O and N, cannot be uniquely resolved due to similar scattering
amplitudes and phase shifts. However, we can exclude the presence of N neighbors
in the samples, after heat treatment at 500 °C, based on the data of the thermal
decomposition of Cu(NOz3).-2,5H20 into CuO at 200-250 °C (Morozov et al. 2003).
In the calcined P25/Zr/Cuos sample we also identified two oxygen neighbors in the
second coordination shell, but at shorter Cu-O distance of 2.57 A.

In more distant coordination shells one Ti neighbor was found in all three
samples, clearly indicating the formation of Cu-O-Ti bridges already in the dried
precursor. The Cu-O-Ti linkages are retained after calcination at 500 °C. The Cu-Ti
distance is shorter in the P25/Zr/Cuos sample compared to P25/Zr/Cuo.1 samples.In
both P25/Zr/Cuo.1and P25/Zr/Cuossamples we identified the formation of Cu-O-Cu
connections: in a dried and in calcined samples we found one Cu neighbor at the
distance of 3.35 A.
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Conclusions

Modification of commercial TiO2 nanoparticles (Aeroxide® Degussa P25)
was performed with Zr and Cu oxides simultaneously. It has been shown that there is
no impact of additives on the crystal structure, shape and size of the primary P25
nanoparticles. Modification did not significantly affect to specific surface area of the
materials. However, Cu ions loading led to pronounced agglomeration of primary
TiO> particles to bigger secondary particles in the water solution. It has been shown
that Zr ions loading led to lowering of copper modified secondary particles growth.

X-ray absorption spectroscopy (XANES) allowed to confirm that copper ions
are present at divalent form in the TiO> based composites. The formation of Cu-O-Ti
linkages is confirmed by the EXAFS analysis.

The 1% hypothesis of the thesis is confirmed. It has been shown that P25
modification with Cu/Zr ions simultaneously at specific concentrations is beneficial
for model pollutants decomposition under the simulated solar light. Presence of Zr
and Cu sites simultaneously help to reach deeper mineralization level of methylene
blue in shorter time. The higher activity of these double metal modified samples is
well correlated with suppressed agglomeration of primary nanoparticles in aqueous
solution and retained Cu-O-Ti bridges in the nanostructured material.
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3.2. EVALUATION OF THE SECOND HYPOTHESIS.

Hypothesis 2. Cu and Zr oxides form Cu-O-Zr moieties on the surface of

TiO2 that beneficially contribute to the photocatalytic activity of TiO».

Cu AND Zr SURFACE SITES IN PHOTOCATALYTIC ACTIVITY OF TiO2
NANOPARTICLES: THE EFFECT OF Zr DISTRIBUTION

After the first part of the work was completed, it was important to take into
account the difficulties and probable shortcomings revealed from the photocatalysts
synthesis technique and photocatalytic activity evaluation method. The TiO> particles
aggregation into larger secondary particles discussed in the previous chapter was
possibly connected to the waterborne synthesis technique applied for the
photocatalysts production. A decision was made to change the photocatalysts
synthesis conditions from water to ethyl alcohol medium. The inorganic metal
precursors were changed to organic metal precursors, i.e. copper(ll) acetyl-acetonate
and zirconium(lV) butoxide. The methylene blue dye was changed for the more
stable and persistent dye Reactive Blue 19.

Towards the characterization of obtained materials, some major visual
variations were first observed. The powders with copper loading were different in
color, showing intensification of green-brownish shade with increased Cu
concentration. Powders with Zr loading retained white appearance. The same trend
was observed also with the samples obtained from inorganic metal precursors.

Considering that the photocatalysts were developed for water purification
purpose, the immobilization of the active materials is an important aspect. The
prepared powders of copper and zirconium modified TiO2 were mixed with binder
sol and immobilized on the glass plates. The results of scratch resistance tests of the
layers of the Zr/Cu modified TiO2 photocatalysts are presented in Fig. 18.

It is evident, that Cu modification leads to formation of less resistant coatings.
The hardness of the film obtained from the powder with 0.5 mol % of Cu drops by 4
units compared to film obtained from unmodified P25. In a contrast, application of
both elements simultaneously (Zr and Cu) leads to formation of films with better
hardness characteristics compared to the films with only copper loading. The results
are probably the consequence of the agglomeration process we keep on observing for

the copper modified samples and discussed in previous chapter. The connection
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between the size of the secondary particles and resulting mechanical resistance of the
photocatalytic layers is described elsewhere (Kete et al. 2014). It was clearly shown
that catalytic layers made of bigger secondary particles end up with mechanically
less resistant coatings which was suspected to the formation of layers with higher
macro-porosity.

The changes in crystalline structure were checked by X-ray diffractometry
(XRD). Alike for the samples obtained from inorganic precursors, only peaks
responsible for anatase and rutile phases from P25 were observed. The absence of
XRD reflections of copper and zirconium crystalline phases on the XRD patterns can
be attributed to low amount and fine dispersion of copper and zirconium species on
the TiO2 surface. The unit cell parameters and phase content of obtained
photocatalysts are presented in Table 3. It is clearly seen that with modification there
Is a slight growth from 23 to 26 nm and from 17 to 18 nm of crystallites for rutile and

anatase, respectively.
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Fig 18. Scratch resistance test of immobilized layers of photocatalysts (6H —
the hardest, 6B — the softest pencil).
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of Cu/Zr modified P25 photocatalysts.

Table 3. Data from X-ray diffraction patterns and copper/zirconium loading

a Cu/zr
o)
&_j . - < g Crystal cells parameters content,
Y - -
® é E 5 = ks mol %
= o 8 a IS o
= £ & e S 2 — %
58] + pust —_ X o [+ o]
N T & 3 b = o £ 2 e
s - | 8| £ & | 52| P c | E
2 © S g 2 g
£ > |8
Anatase 87.2 17 136.4929 3.7880 9.5124
o 96-900-8214 L9 +0.0009 +0.0002 +0.0005
A Rutile ' 12.8 23 62.513 4.5950 2.9608
96-900-7433 +0.001 +0.0004 +0.0005
Anatase 86.4 18 136.4296 3.7873 9.5115
< | 96-900-8214 +0.0009 +0.0002 +0.0005 0.06+
'S) i 1.9 0.05
§ Rutile 13.6 26 62.513 4.5956 2.9599 0.01
% | 96-900-9084 +0.001 +0.0004 +0.0004
Anatase 87.2 18 136.2691 3.7858 9.5081
§ 96-900-9087 +0.0009 +0.0002 +0.0005 0.14+
O i 1.8 0.10
0 Rutile 12.8 26 62.422 4.5934 2.9585 0.01
o
96-900-9084 +0.001 +0.0004 +0.0004
Anatase 87.3 18 136.3369 3.7866 9.5087
;3 96-900-8214 L9 +0.0009 +0.0002 +0.0005 05 0.56+
o . .
§ Rutile 12.7 26 62.452 4.5938 2.9594 0.04
[a
96-900-7433 +0.001 +0.0004 +0.0004
Anatase 87.6 18 136.3624 3.7867 9.5097
5 | 96-900-8214 20 +0.0009 +0.0002 +0.0006 Lo 0.2+
& Rutile © 124 26 | 62475 | 45941 29601 | |01
96-900-4142 +0.001 +0.0005 +0.0005
2 Anatase 87.5 17 136.3478 3.7866 9.5093 0.07x
g 96-900-8214 20 +0.0009 +0.0002 +0.0006 0.05 | 0.01/
g Rutile ' 12.5 26 62.448 4.5932 2.9600 11 0.2+
& | 96-900-4142 +0.001 +0.0005 +0.0005 0.1
. Anatase 87.8 18 136.2388 | 3.785503+ | 9.507224+ 0.12+
§ 96-900-9087 20 +0.0009 0.000196 0.000542 | 0.10 | 0.01/
g Rutile ' 12.2 26 62.403 4592827+ | 2.958315+ | /1 *0.2
2 | 96-900-7433 +0.001 0.000434 | 0.000463 +0.1
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The loading of copper as determined by complexometric titration is in good
agreement with theoretical one (Table 3). The loading of Zr, as resulting from EDX
analysis, is constant in all the samples but lower than the nominal 1 mol %.The Zr
content has been determined by standardless EDX analysis and+0.01 mol % is only
the statistical part of the uncertainty. Important systematic errors are possible in EDX
analysis of compressed powders performed without standards, as in our case, which
can affect the accuracy to a greater extent.

A lot of work has been done applying Cu ions as a surface modifier, because
of its ability to bring beneficial shift of absorption edge of the photocatalyst to visible
part of the sunlight spectrum. TiO2 coupled with copper oxides exhibits desired red
shift because of the narrow band gap of copper oxides. The absorption edge of Cu/Zr
modified TiO. was checked by UV-Vis diffuse reflectance spectroscopy (DRS).
Reflectance curves transformed to Kubelka Munk absorption units are presented in
Fig. 19. It was possible to register additional absorption shoulder at ~450 nm which
is growing at higher Cu loading. In the samples modified with Zr this shoulder does
not occur, but it persists at combined Cu/Zr modified samples. The shoulder about
450 nm is attributed to the presence of CuO nanoclusters (Lin et al. 2015). An
additional broad band appears at about 700 nm and it can be attributed to the d-d
transition of Cu in an (pseudo-) octahedral environment in CuO.
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4.5 4 —— P25/Cu0.1
4 7 — P25/Cu0.5
351 P25/Zr
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?:: 2.5 -
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1.5 -
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Fig. 19. Kubelka-Munk transformed UV-Vis reflectance of powder Cu/Zr
modified TiO2 photocatalysts.
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A very common technique to evaluate the capability of photocatalysts to act
under the visible light is by determining the apparent band gap of the material. The
results obtained from commonly used technique, which is estimation of band gap
from the Kubelka-Munk curves, are presented in Table 4. It is clearly seen, that the
values of estimated band gaps of examined powders do not differ for more than 3 %

and may not significantly influence the result of visible light activity.

Table 4. The band gaps of P25 modified with Cu and Zr ions estimated from

Kubelka Munk curves.

Sample Indirect Direct
P25 3.09 3.46
P25/Cuo.o05 3.04 3.45
P25/Cuo.1 2.99 3.36
P25/Cuos 2.99 3.37
P25/Zr 3.03 3.46
P25/Zr/Cuo.1 3.04 3.36
P25/Zr/Cuos 3.05 3.36

It is worth mentioning, that the energy gap measured by DRS is a
characterization of a bulk material. However, with surface modification we are not
changing the bulk, but the surface of the nanoparticles. So, the band gap measured by
DRS is not the essential energy needed for understanding the behavior of the
photocatalysts in aqueous solutions. In the solution determining role plays
particle/solution interface.

When a semiconductor is placed in a solution containing redox species,
electrons are transferred across the semiconductor/electrolyte interface until the
equilibrium and CB and VB edges are bent so that a potential barrier is established
against further electron transfer across the interface (YYong and Schoonen 2000). As a
result, the energies of CB and VB edges at the semiconductor/electrolyte interface
deviate from their bulk values. The development of a net charge at the particle
surface affects the distribution of ions in the surrounding interfacial region.This
liquid surrounding is the Helmholtz double layer. The potential that exists in
Helmholtz double layer is known as Zeta potential. IEP is commonly expressed as
pH at which zeta potential is equal to zero. The IEP of obtained Cu/Zr modified

samples are presented in Fig. 20. It is clearly seen, that surface modification
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influences the properties of catalyst/electrolyte interface. Low amount of CuO
mounted on the surface of TiO2 does not influence value of pH of zero charge (the
results are in the error range of the measurements). In the same time, higher loading
of CuO biases IEP towards higher pH. This fact can be logically explained by the
formation of “islands” of CuO species on the top of TiO2 with rising copper
concentration. Formed CuO species (Cu-OH surface species) bring the properties
intrinsic to the copper oxide with IEP lying at much higher pH of about 8.5 and 9.5
for Cu20 and CuO, respectively (Butler 1978).
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Fig. 20. Isoelectric point of Cu/Zr modified samples of TiOx.

Surface modification with Zr keeps the IEP around the values characteristic to
zirconium oxide (pH pzc = 6.7) (Butler 1978), which is not different from the IEP
value obtained for the P25 sample (pH=6.6+0.4) (Fig. 20). Combined Cu/Zr
modification reveals IEP close to unmodified TiO2 or Zr modified TiO2. This
observation can be explained by dominant surface Zr-OH species.

The degradation of RB19 dye under simulated solar light was performed to
test photocatalytic activity of these samples. Fig. 21 shows that the highest degree of
dye degradation, calculated from the UV-Vis spectroscopy measurements (bleaching,
72 %) after 50 min of irradiation and the highest degree of mineralization calculated
from the TOC data (83 %) after 3 h of irradiation, were recorded for the sample with
the lowest (0.05 mol %) copper loading. According to (lrie et al. 2009), this

enhancement can be explained by the formation of the mid-level Cu3d states. In this
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case, upon irradiation an electron is localized at the copper nanocluster and a hole on
the TiO2 surface. The mid-level states enable the transition of electrons from the VB
of TiO to the empty CuO states and enhance electron/hole separation (Irie et al.
2009). At a higher copper loading, a lower level of dye degradation was observed:
about 40 % of bleaching and 50 % of TOC reduction for 0.1 and 0.5 mol % of Cu
loading. This result is consistent with the statement about the dependence of
photocatalytic activity of copper modified photocatalysts from the amount of
deposited copper oxide (Cizmar et al. 2018), (Jin et al. 2013). According to (Jin et al.
2013) the upward bands shift causes reverse localization of electrons and holes at
higher copper loading, which leads to a weakened oxidation ability of the generated

holes.

100

RB19 egradation, %

% $ > ' s > "
0 S \o>° \09 ) o\

5 5

QY QY

Fig. 21. Degradation of RB19 by Cu/Zr modified TiO2. UV results
correspond to calculated degree of dye degradation measured by UV-Vis
spectroscopy (bleaching) after 50 min of light irradiation; TOC results correspond to
calculated degree of dye degradation measured by means of total organic carbon

after 3h of light irradiation.

It is interesting to observe that surface modification with 1 mol % of Zr-only
(without copper) does not influence the photocatalytic performances of P25 towards
RB19. In fact, in this case, about 63 % of bleaching and 80 % of TOC reduction is
registered, which is within the error range of the result for unmodified P25. Our

findings do not contradict results obtained by (Guerrero-Araque et al. 2017) who
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showed, that beneficial defects induced by ZrO.-TiO: heterojunction are not formed
at low Zr loading.

At the same time, in the presence of copper, zirconium species play beneficial
role for the dye degradation efficiency. In case of low copper loading (0.05 mol %)
influence of Zr on photocatalytic activity is not detected: 69 % of bleaching and
85 % of TOC reduction for RB19 degradation by Cu/Zr modified sample versus
72 % of bleaching and 83 % of TOC reduction by Cu modified sample without
addition of Zr. However, at higher copper loading (0.1 mol %), dye degradation
efficiency of double metal modified photocatalyst rose to 60 % of bleaching and
76 % of TOC reduction compared to 40 % of bleaching and 50 % of TOC reduction
performed by copper modified sample.

To understand the nature of the inhibition effect, more accurate analysis of
the mechanism is required. According to the experimental results, the decrease in the
reaction rate could be caused by the competitive side reaction between HO' radicals
and Cu ions.

To clarify this suggestion, the chemical oxidation of RB19 with Fenton’s
reagent in the presence of Cu/Zr modified TiO: in the dark was used. The Fenton
reaction is a homogeneous reaction in which Fe**acts as a catalyst to initiate the
decomposition of H20> and to generate HO' radicals.
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Fig. 22. The bleaching of RB19 by Fenton’s reagent in the presence of Cu/Zr
modified TiOx.
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The bleaching of RB19 by Fenton’s reagent in the presence of Cu/Zr
modified photocalysts is presented in Fig. 22. The blank test performed without
photocatalytic powder showed RB19 bleaching by Fenton’s reagent of about 96 %.
P25 was used as a reference and showed decrease in bleaching for about 15 %
compared to the blank test. All the experiments with diversity of surface modified
samples showed the result within the errors range of experiment, about 80 % of
RB19 bleaching. This result clearly suggests, that the lowering in photocatalytic
efficiency of Cu modified TiOz is not connected to the HO' radicals capturing by the
copper species.

Further investigation of the Cu modified samples was performed with solid
state EPR experiments. EPR spectroscopy represents a unique tool to follow the
paramagnetic centers present in the TiO2-based nanomaterials, character of which is
determined by the synthetic procedure and further treatment applied as well as by the
presence of a modifier (Plizingrova et al. 2017). Even though the main prerequisite to
obtain an EPR spectrum is the presence of unpaired electron, which is not necessarily
present in the modifier, the effect of the modifier presence on the structure of the
photocatalyst may evoke the formation of paramagnetic centers in the TiO: lattice
and such defects can be monitored by EPR.

EPR spectra of all studied samples were measured at room temperature and at
100 K using X- and Q-band EPR spectrometer. Since in the samples the presence of
CuO clusters on the TiO surface was expected and EPR spectroscopy enables the
identification of Cu?* as a paramagnetic 3d® ion, the corresponding EPR spectra can
confirm the presence and character of the surface modification with copper oxide.
EPR spectra of the powdered Cu modified samples in the X-band monitored at room
temperature and at 100 K exhibit an anisotropic EPR signal with a hyperfine
structure due to I= 3/2 of Cu?* typical for isolated mononuclear slightly axially
distorted octahedral Cu?* complexes (Fig.23 A). The hyperfine structure is well
resolved for the g = 2.33 where we observe a quartet with the hyperfine coupling
constant of Aj~ 14 mT, while the perpendicular component of the g-tensor at
gL =2.04 is present without resolvable hyperfine structure. Analogous EPR spectra
were monitored previously for the TiO2 nanostructures modified/doped with copper
and attributed either to the surface-bound Cu?* ions or to Cu?* substituting lattice

Ti**, which is coupled with the formation of oxygen vacancies (Li et al. 2008). EPR
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spectrum measured at 100 K provides a better resolution of the above described
signals and in addition a further signal of low intensity with the g-value lower than
2.00 is recognised. This signal can be assigned to the perpendicular component of the
axially symmetric g-tensor g.=1.97 of Ti** centres in the anatase lattice
(Plizingrova et al. 2017). The Q-band EPR spectra of Cu modified samples
surprisingly do not give a better resolution of the hyperfine structure of the
anisotropic Cu?* signals, however increased sensitivity helps to confirm the
identification of the EPR signal of T3 centers (Fig.23 B). The corresponding EPR
signal with the g1 =1.97 and a non-resolved parallel g-tensor component is also
observable only at low temperature measurement, due to the short spin-lattice
relaxation time of T3* centers, which hinders their detection at room temperature
(Czoska et al. 2008). In addition to the EPR signals observed also in the X-band EPR
spectra of Cu modified samples, the Q-band spectra, at room temperature as well as
at 100 K, exhibit signal with g~ 2.00. Analogous EPR signal was observed
previously for the rutile nanostructures modified with copper annealed at 450 °C
(Neubert et al. 2016).
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Fig. 23. (A) X-band and (B) Q-band EPR spectra of powdered P25/Cuo.os
measured at 295 K or100 K.

Sample with Zr and Cu modification exhibits analogous EPR spectra as Cu

only modified sample (Fig. 24).
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Fig. 24 (A)X-band and (B) Q-band EPR spectra of powdered P25/Zr/Cug.os
measured at 295 K or 100 K.

X-band EPR spectra of Zr surface modified sample exhibited low intensity
EPR signal observable only at 100 K (Fig. 25 A). The analogous signal with
gL = 1.97 and unresolved parallel component of the g-tensor attributed to Ti®* centres
in the anatase lattice was identified in all surface modified P25 samples. Also in the
Q-band EPR spectra the signal at g ~ 2.00 was observed, reflecting the formation of
oxygen vacancies upon annealing procedure up to 550 °C.

Photo excitation of water suspensions of modified TiO, samples was
additionally performed. Irradiated water suspensions of TiO2 represent complex
systems where the primarily photogenerated charge carriers are further involved in
series of different redox processes generating a wide range of paramagnetic
intermediates, character and amount of which is significantly affected not only by the
photocatalyst itself but also by the experimental conditions (solvent, molecular
oxygen presence, irradiation source, etc.). Hydroxyl radicals formed in the water
suspensions of TiO2 upon UV irradiation are commonly declared as the one of
important reactive oxygen species responsible for the nonselective photocatalytic
decomposition of toxic pollutants present in water (see p. 7-8). Even though the HO'
radicals are extremely short-lived, the EPR spin trapping technique enables their
detection based on the monitoring of the corresponding spin adduct. The ability of
studied photocatalysts to generate HO' radicals in the irradiated water suspensions
under air was monitored using the DMPO spin trapping agent.
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Fig. 25 (A) X-band and (B) Q-band EPR spectra of powdered Zr modified
TiO2 measured at 295 K or 100 K.

Fig. 26 displays the typical time course of EPR spectra obtained upon
continuous UV (Amax = 365 nm; 16 mW cm) irradiation of the TiO2/DMPO/H,O/air
system. The four lines EPR signal assigned to the spin adduct DMPO-OH based on
the parameters obtained from the simulation analysis (Fig. 27 B, an = 1.499 mT,
an = 1.485 mT, g = 2.0057) increases immediately after the irradiation starts.

Analogous experiments were conducted with all studied samples in order to
follow the effect of the surface modification with CuO and ZrO> on the HO' radicals’
formation. EPR spectra obtained upon/after the photoexcitation of the system
TiO2/DMPO/H.O/air using different light sources, i.e. UV (Amax =365 nm;
Jmax = 385 nM; Zmax =400 nm) or VIS (160 kIx) revealed the formation of DMPO-
OH spin adduct immediately after the irradiation started for all samples. However,
the intensity of the signals, evaluated as the concentration of DMPO-OH spin adduct
obtained after 180 s exposure (Fig. 27) varies significantly with respect to the cation

and to the irradiation source used.
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Fig. 26 (A) Time course of EPR spectra (magnetic field sweep, SW =8 mT)
monitored upon continuous UV irradiation (Amax =365 nm; 16 mW cm?2) of Zr
modified TiO.water suspension in the presence of spin trapping agent DMPO under
air. (B) Experimental (black) and simulated (red) EPR spectrum (SW =8 mT)
obtained upon 180s UV irradiation. Initial concentrations: ¢(TiO2)=0.33gL %,
Co(DMPO) =30 mM.
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Fig. 27. Concentrations of the 'DMPO-OH spin adduct obtained from the
EPR spectra monitored upon 180 s exposure (UV:imax =365 nm; Amax = 385 nm;
Amax =400 nm; VIS;160 kIx) of water suspensions of surface modified TiO>
nanostructures in the presence of the spin trapping agent DMPO. Initial
concentrations: co(photocatalyst) = 0.17 g /L; co(DMPO) = 35 mM.
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Highest concentration of spin adduct was observed for Zr modified sample
photoexcited with 365 nm light. Both Zr and Cu modified samples exhibit in water
suspension significantly higher concentrations of ' DMPO-OH spin adduct compared
to benchmark P25 upon 365 nm light photoexcitation (Fig. 27). Distinct decrease in
the concentration of observed spin adducts was observed upon increase of the
wavelength of the irradiation applied. The modified samples do not even reach the
concentrations observed by P25 photoexcitation with 385 and 400 nm. Visible light
exposure of TiO2/DMPO/H,O/air systems lead to the formation of very low intensity
EPR signals (the concentration of monitored spin adducts bellow pM).

UV irradiation of TiO, based photocatalysts leads to a complex reaction
system, when after the primary photogeneration of charge carriers, their further
reactions yield various reactive oxygen species involved in a number of consecutive
processes (see the mechanism described in the Theoretical background chapter).
Hydrogen peroxide may be formed in the irradiated TiO2 water suspension
(equations (4-5)). H2O> undergoes several consecutive reactions (equations (6), (7))
which may represent an important source of HO' radicals in the studied systems.

To support this statement series of experiments were conducted where the
formation of 'DMPO-OH wupon 180s UV (Amax =365nm; Amax =385 nm;
Jmax =400 nm) or VIS exposure of water solution of H>O: in the presence of DMPO
was studied. The result of the experiments is presented in the Fig. 28. The presence
of the spin adduct signal in the EPR spectra is strongly dependent on the type of
irradiation applied revealing the highest intensity for Amax =365 nm. Even though
hydrogen peroxide exhibits only limited absorption of light in the region above
300 nm recognisable signals of ' DMPO-OH spin adduct were still measured for the
irradiation light of 385 nm and 400 nm. When the visible light is applied only low
intensity EPR spectra were monitored corresponding to the spin adduct concentration
below 1 uM. This suggests that upon UV irradiation the photoinduced decomposition
of hydrogen peroxide represents an important source of hydroxyl radicals. This could
be one of the reasons of such high spin adduct concentration detected under the UV
light. As it is clearly seen from equation (4-5) the number of H>O: is proportional to
the number of O2~ formed. This observation suggests increased concentration of
oxyradical produced by Zr and Cu containing species, which was discussed for Cu

modified TiO; earlier (Irie et al. 2009) and seems reasonable.
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It is also important to notice, that formation of H.O> is more pronounced for
the rutile phase compared to anatase (Kakuma et al. 2015) and increased amount of
H20. produced by Zr and Cu containing species on TiO, surface may suggest

changes in surface structure of the samples.
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Fig. 28. EPR spectra as well as the concentrations of the DMPO-OH obtained
upon UV (Amax = 365 NM; Amax = 385 NM; Amax = 400 nm; 16 mW cm2) and visible
(160 kiIx) light exposure of H2O, water solutions in the presence of spin trapping
agent DMPO under the air. Initial concentrations: co(H202) = 40 uM; co(DMPO) =
35 mM.

The EPR experiment results were not in agreement with the trend in activity
of Cu/Zr modified photocatalysts obtained for the RB19 degradation. This may
suggest the difference in mechanism responsible for the RB19 dye degradation and
'‘DMPO-OH spin adduct formation in the system. Generally, DMPO-OH spin adduct
may be produced by HO' diffused to the suspention (H.O> decomposition) and on the
TiO, surface. However, decomposition of RB19 apparently appears only on the
surface of photocatalyst and is not influenced (or slightly influenced) by the HO
diffused to the solution. The mechanism standing behind the RB19 decomposition by
simultaneous Cu/Zr modification of TiO> remained the open question and forced us
to continue investigation and keep doing further experiments.

The in-depth investigation of surface morphology of Cu/Zr modified TiO:
can help in answering the question about the undergoing dye degradation processes.
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The materials were investigated by electron microscopy. In Fig. 29 scanning
transmission electron micrographs (STEM) of Cu modified samples are shown.

a) 20 nm b)

20 nm

Fig. 29. Dark-field scanning transmission electron micrographs of
0.05 mol % Cu modified TiO at different magnifications: a) an agglomeration of
nanoparticles; b) CuO nanoclusters on the surface of a TiO2 nanoparticle identified

by arrows.

The presence of bright features of about 1-2 nm size are clearly visible on the
surface of TiO2 nanoparticles. Since in dark-field STEM the intensity in the images
increases with the atomic number of the elements, the presence of features brighter
than TiO2 (and not present in the images of unmodified TiO>) is compatible with the
idea of copper-containing nanoclusters. Unfortunately, as a result of limited statistics
it was not possible to clearly state the size and/or density increment of the observed
CuO features at higher Cu loading. The large bright features in the centre of the
Fig. 30 a) are not Cu particles, but regions where multiple nanoparticles overlap,
which creates a brighter signal. The saturation is due to enhanced contrast, which is
necessary to visualize the features in the rest of the picture.

The Cu K-edge XANES analysis was used to determine the Cu valence states
in the Cu and Cu/Zr modified P25 photocatalysts. The valence state of the Cu cation
is known to directly affect the energy position of the Cu K-edge and pre-edge
features ascribed to (1s-4p) transitions. The changes in energy of the Cu K-edge and
pre-edge features of about 4 eV are observed between Cu(l) and Cu(Il) cations (Lytle
et al. 1988), (Castagnola et al. 2005), (Alayon et al. 2015), (Irie et al. 2009).

The normalized Cu K-edge XANES spectra of the samples are shown on
Fig. 30, together with XANES spectra of reference copper compounds with Cu(l)
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and Cu(ll) valence state and similar Cu coordination. Judging from the energy
position of the Cu K-edge and pre-edge features in the XANES spectra of the
catalyst samples, compared to those in XANES spectra of the Cu reference
compounds, we can conclude that the oxidation state of copper cations in obtained

samples is Cu(ll).
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Fig. 30. Normalized Cu K-edge XANES spectraof Cu and Cu/Zr modified
P25 photocatalysts. Spectra of reference Cu(l) and Cu(ll) compounds (crystalline

Cu20, CuO and Cu(OH).), and Cu/Zr modified P25 photocatalyst sample calcined at
500 °C (P25/Zr/Cuo.1_500 °C) from Fig.17 are plotted for comparison.

A Cu and Zr K-edge EXAFS analysis is used to determine average local
structure around Cu and Zr cations in the Cu, Zr and Cu/Zr modified P25

photocatalysts. In Fourier transform magnitude of the Cu (Fig. 31) and Zr K-edge
81



EXAFS spectra of the samples (Fig. 32) the contributions of photoelectron
backscattering on the nearest shells of neighbor atoms around the Cu or Zr atoms are

observed as peaks in the R range from 1 to 3.6 A.
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Fig. 31. Fourier transform magnitude of k?-weighted Cu K-edge EXAFS
spectra of Cu and Cu/Zr modified P25 photocatalysts, calculated in the k range of
25 A1-11.0 At and in the R range of 1.0 A — 3.6 A. Experiment: solid line; best-fit
EXAFS model: dashed line.

A good agreement between the model (detailed description of the model can
be found in experimental material) and the experimental spectra is found for all
spectra, using the k range of 2.5 A — 11.0 A* and in the R range of 1.0 A — 3.6 A
for Cu EXAFS spectra (Fig. 31), and k and R ranges of 3.0 A -13.5 At and 1.0 A —
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3.7 A, respectively, for Zr EXAFS spectra (Fig. 32). The list of the best fit
parameters is given in the Tables 5-7.
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Fig. 32. Fourier transform magnitude of k3-weighted Zr K-edge EXAFS
spectra of Zr and Cu/Zr modified P25 photocatalysts, calculated in k and R ranges of
3.0 A1 -135 At and 1.0 A — 3.7 A, respectively. Experiment: solid line; best-fit
EXAFS model: dashed line.

Similar average Cu local neighborhoods are found in all photocatalyst
samples. Cu cations are octahedrally coordinated to six oxygen atoms, in a distorted
octahedron with four oxygen atoms in the equatorial plane at shorter Cu—O distance
(1.95 A —1.98 A) and two oxygen atoms on axial positions at longer distance (2.18 A
—2.28 A). In the more distant coordination shells Ti and Cu neighbors are detected,
while Zr neighbors are ruled out by the fit. The results show that part of Cu cations is
bound to the TiO> surface forming Cu-O-Ti connections and part of Cu cations are
forming Cu-O-Cu connections.

The average Cu neighborhood is mostly independent of Cu loading in
monometallic or in bimetallic Cu/Zr modified photocatalysts, except at larger Cu
loadings (1 % and 3 %), where average numbers of Cu and Ti neighbors are found to
be slightly lower, compared to those in photocatalysts with lower Cu loadings. The
result suggests that CuO nanoparticles are formed on TiO; surface.
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In the bimetallic Cu/Zr modified P25 photocatalysts, there are no Cu-O-Zr
bonds, which indicates that separate ZrO, and CuO species are formed on TiO>
surface.

Table 5. Parameters of the nearest coordination shells around Cu cations in
the Cu modified P25 photocatalysts at 0.05%, 0.1% and 0.5% Cu loading: average
number of neighbor atoms (N), distance (R), and Debye-Waller factor (¢2).
Uncertainty of the last digit is given in parentheses. A best fit is obtained with the
amplitude reduction factor So? = 0.85. The shift of the energy origin AE, and R-factor

(quality of fit parameter) are listed in the last column.

Cu neigh. N R[A] 6% [A?] |AE./ R-factor
P25/Cuo.0s
o) 4.7(4) 1.98(2) 0.004(1)
2+x1leV
o) 1.3(4) 2.26(2) 0.004(1)
Ti 1.1(4) 3.30(4) 0.012(3) 0.003
Cu 1.9(6) 3.48(3) 0.012(3)
P25/Cuo.1
o) 4.7(4) 1.97(2) 0.006(2)
2+x1eV
o) 1.3(4) 2.22(4) 0.006(2)
Ti 1.0(6) 3.30(6) 0.012(3) 0.012
Cu 2.0(9) 3.48(5) 0.012(3)
P25/Cuos
o) 5.0(2) 1.98(1) 0.007(1)
1+leV
o) 1.0(2) 2.27(3) 0.007(1)
Ti 0.9(6) 3.23(4) 0.012(3) 0.003
Cu 1.9(9) 3.44(4) 0.012(3)

The result is supported also by Zr EXAFS analysis (Table 8), which shows
that Zr cations in bimetal Cu/Zr modified P25 photocatalyst are dispersed on the
surface of TiO2 as ZrO, nanoparticles bonded to TiO. surface. Average Zr local
neighborhood in bimetallic Cu/Zr modified P25 is very similar to that in the
monometallic Zr modified P25 photocatalyst. In both cases we found Zr-O-Zr and

Zr-O-Ti bonds, but no Zr-O-Cu connections.
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Table 6. Parameters of the nearest coordination shells around Cu cations in
the Cu modified P25 photocatalysts at 1% and 3% Cu loading: average number of
neighbor atoms (N), distance (R), and Debye-Waller factor (¢%). Uncertainty of the
last digit is given in parentheses. A best fit is obtained with the amplitude reduction
factor So? = 0.85. The shift of the energy origin AE, and R-factor (quality of fit

parameter) are listed in the last column.

Cu neigh. N R[A] 6 [A?] |AE./ R-factor
P25/Cus
0 4.4(3) 1.95(1) 0.007(1)
0 1.6(3) 2.19(3) 0.007(1) | 0+2eV
0 0.7(3) 2.55(3) 0.008(1) 0,002
Ti 0.9(4) 3.10(4) 0.012(3)
Cu 0.7(4) 3.40(4) 0.012(3)
P25/Cus
0 4.0(3) 1.96(1) 0.003(1)
0 2.0(3) 2.18(3) 0.003(1)
0 1.0(3) 2.45(5) 0.008(1) | L*?ZeV
Ti 0.4(2) 3.16(9) 0.012(3) 0.010
Cu 1.1(6) 3.51(6) 0.012(3)
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Table 7. Parameters of the nearest coordination shells around Cu cations in
the Cu/Zr modified P25 photocatalysts: average number of neighbor atoms (N),
distance (R), and Debye-Waller factor (¢). Uncertainty of the last digit is given in
parentheses. A best fit is obtained with the amplitude reduction factor Se? = 0.90. The

shift of the energy origin AE, and R-factor (quality of fit parameter) are listed in the

last column.
Cu neigh. N R[A] 6> [A?] |AE./ R-factor

P25/Zr/Clo.os

0 4.1(5) 1.98(3) 0.009(1)

0 1.9(5) 2.27(5) 0.009(1) trev

Ti 1.5(5) 3.23(7) 0.012(3) 0.008

Cu 2(1) 3.58(6) 0.012(3)
P25/Zr/Cuo.

0 5.2(5) 1.96(2) 0.012(5)

0 0.8(5) 2.24(4) 0012(8) | 4, 4.y

Ti 1.1(5) 3.13(8) 0.012(5)

Cu 15(7) 3.41(8) 0.012(5) 0.019
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Table 8. Parameters of the nearest coordination shells around Zr cations in the
Zr and Cu/Zr modified P25 photocatalysts: average number of neighbor atoms (N),
distance (R), and Debye-Waller factor (¢). Uncertainty of the last digit is given in
parentheses. A best fit is obtained with the amplitude reduction factor Se? = 0.90. The

shift of the energy origin AE, and R-factor (quality of fit parameter) are listed in the

last column.
Zr neigh. N R[A] 6> [A?] |AE./ R-factor
P25/Zr

0 4(1) 2.09(2) 0.002(1)

0 1.8(5) 2.23(4) 0.002(1)

0 1.7(9) 2.75(3) 0.005(3) trzeV
0 0.8(5) 3.11(9) 0.005(3) 0.016
Ti 1.1(6) 3.22(9) 0.009(4)

Zr 0.5(3) 3.49(6) 0.010(4)

P25/Zr/Cuo.

0 3.3(3) 2.08(2) 0.002(1)

0 1.8(3) 2.28(3) 0.002(1)

o 1.2(8) 2.72(2) 0.0032) | “4*2¢V
Ti 1.7(5) 3.25(2) 0.009(4) 0.010
Zr 2(1) 3.68(5) 0.016(4)
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The results obtained from the X-ray absorption spectroscopy and the
assumption that the type of TiO. crystal phase, on which CuO clusters are formed,
plays a role in the activity of CuO modified TiO> (Jin et al. 2013) led us to the
hypothesis about spatial separation of CuO and ZrO> surface sites in the mixed phase
TiO2. The STEM-EDX mapping of Cu/Zr modified P25 was performed using Ni
TEM grid (Fig. 33). We can clearly see the homogeneous distribution of Cu and Zr
on the surface of TiO2. However, to answer the question about uniform or spatially
separated distribution of Cu and Zr containing species we would need to acquire
spectrum on the single nanoparticle. With the resolution and sensitivity of our
microscope it is not possible to address the Zr and Cu distribution on the single
particle which in this case, due to very low Cu and Zr loading, became lower than
detection limit (0.1 mol%). The other problem is the fast sample deterioration under
the beam irradiation: the particle is burned before the entire spectrum is acquired.

According to the results obtained from the X-ray absorption spectroscopy and
further assessed by STEM-EDX mapping (Fig. 33) it can be summarized that Zr and
Cu containing species do not form mixed clusters and are homogeneously distributed

on the TiO; surface.

Fig. 33. STEM-EDX mapping results for P25/Zr/Cuo.1 sample.

In order to check the hypothesis of spatial separation of CuO and ZrO> on the
surface of P25 titration with Hammett indicators of Cu and Zr modified TiO2 was
applied. Surface sites on the metal oxides are usually associated with the acidity of

the surface. The methyl red (MR) color changes can be caused only by rutile surface
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sites with pKy = 3.9. The changes of bromothymol blue (BB) color can be caused by
presence of two surface sites: rutile pKi = 3.9 and anatase pKi = 4.6. At the same
time, the changes of neutral red (NR) color can be provoked by the presence of three
surface sites: rutile pKi = 3.9, anatase pK1 = 4.6 and rutile pKz = 6.8. Following the
number of the surface sites determined by titration, we have clearly seen the gradual
reduction in number of rutile and anatase acidic sites with modification (Fig. 34).
The fraction of anatase and rutile surface sites covered by a modifier was calculated;

the results are presented in Table 9.
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Fig. 34. Surface acidity of Cu/Zr modified TiO2. The abbreviations in the
figure are: NR - neutral red, BB - bromothymol blue, MR - methyl red.

The sample with only Cu-loading showed gradual coverage of both anatase
and rutile acidic sites even at high 1 mol % of Cu loading. Meanwhile, the sample
with 1 mol % Zr nominal loading exhibits sites with a lower total acid strength (Ho <
+6.0) and shows total vanishing of rutile sites and much lower coverage of anatase
surface sites. Taking into account that Zr loading is an order of magnitude in excess
compared to the Cu nominal loading in the mixed Cu/Zr sample, it becomes evident
that Zr occupies the rutile surface sites and this way prevents the formation of Cu-
rutile connections (Fig. 35). As a consequence, the occupation of rutile surface sites

postpones the appearance of reverse charge localization mechanism to higher Cu
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loading and facilitates the photocatalytic activity of Cu/Zr modified P25 at 0.1 mol %
Cu loading compared to Cu only modified sample.

Table 9. The fraction (F) of anatase and rutile surface sites covered by a

modifier.
F+5, %
Sample - 7
pKlRutl e pKlAnatase pKzR”t' e
P25 0 0 0
P25/Cuo.0s 29 56 24
P25/Cuo1 80 36 73
P25/Cuz 88 58 48
P25/Zr 100 24 100
P25/Zr/Cug o5 100 42 100
Excellent performance! Reduced photocatalytic activity

. - Rutile § -Anatase () - Zr species @ - Cu species

Fig. 35. Schematic presentation of beneficial Zr contribution to Zr/Cu

modified mixed phase TiO> performance.

Interestingly, despite blocking the rutile surface sites, Zr does not influence
the photocatalytic activity of P25 toward RB19. There is, therefore, a possibility that
the degradation of RB19 proceeds mainly on the anatase surface of P25. However,
the presence of rutile phase cannot be ignored since it has a beneficial role in the

charge separation properties of the material.
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Conclusions

Copper/zirconium surface modified photocatalysts were prepared by
modification of commercial titanium dioxide Aeroxide®Degussa P25 with copper
acetyl-acetonate and zirconium butoxide as sources of copper and zirconium ions.
Hardness testing of the active layers formed from modified TiO2 showed that Zr
loading leads to an improvement in the scratch resistance of the film compared to Cu
only modified samples.

XRD revealed only peaks responsible for anatase and rutile phases from P25,
which can be attributed to low amount and fine dispersion of copper and zirconium
species on the TiO> surface.

Applying DRS an additional absorption shoulder at ~450 nm was registered,
which is attributed to the presence of CuO nanoclusters on the surface of TiO>. In the
samples modified with Zr this effect does not occur, but it persists at combined Cu/Zr
modified samples. An additional broad band appears at about 700 nm and it can be
attributed to the d-d transition of Cu in an (pseudo-) octahedral environment in CuO.
The optical band gaps of Cu and Zr modified TiO> catalysts were determined. The
band gap values estimated from the Kubelka-Munk curves differ not more than 3 %,
which cannot significantly influence the visible light activity of materials.

Isoelectric point determination confirmed that Cu loading shifts IEP towards
higher pH values however combined Cu/Zr modification results in IEP close to
unmodified or Zr only modified TiOx.

The activity test of prepared materials towards RB19 exhibited results similar
to that discussed in chapter 3.1. There is a limit of copper loading for beneficial
performance of TiO> towards dye degradation. Zr beneficially influences the rate of
RB19 degradation at Cu/Zr modified TiO2 compared to Cu only modified TiO».

The test performed with Fenton reagent and H>O> as a source of HO' radicals
suggests that the lowering in photocatalytic efficiency of Cu modified TiO2 is not
connected to the capturing of HO'" radicals by the copper containing species formed
on the surface of P25.

According to the EPR measurements both Zr and Cu modified samples in
water suspension exhibit significantly higher concentrations of 'DMPO-OH spin
adduct compared to benchmark P25 photoexcited with UV light. This result was

associated with the contribution of hydrogen peroxide to the formation of the
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'DMPO-OH spin adduct. Increased formation of H2O2 can be connected to the
increased number of oxyradicals formed by Cu/Zr modified samples. However, this
statement needs additional proof. It was assumed, that RB19 dye degradation is not
influenced by the HO formed from H20> and diffused to the suspension.

Microscopic investigation of the copper modified powders reveal the
formation of copper oxide nanoclusters 1-2 nm in size, while EXAFS and STEM-
EDX analyses confirm the formation of separate ZrO, and CuO species and their
homogeneous distribution on the surface of the TiO, respectively.

Regarding the surface acidic sites, titration with Hammett indicators revealed
that Zr modification results in the total coverage of the rutile surface sites. This
together with photocatalytic activity test results strongly supports the statement that
at high copper loading the formation of copper—rutile connections are harmful.

In the case of combined Cu/Zr modification, Zr acts as a shield, covering the
rutile surface, which results in copper—anatase interaction. Thereby, zirconium
modification beneficially influences the photocatalytic activity of copper modified

mixed phase TiO> at high copper loading.
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3.3. EVALUATION OF THE THIRD HYPOTHESIS.

Hypothesis 3. RB19 dye at low concentration degrades essentially by means

of photocatalytic reaction.

TLS FOR DETERMINATION OF RB19 DEGRADATION UNDER THE
SIMULATED SOLAR LIGHT

The aim of this part of the research work is to distinguish between
photocatalytic and photosensitization mechanisms of RB19 dye degradation and to
determine the governing mechanism responsible for dye degradation at low dye and
photocatalyst concentrations under the simulated solar light. The term «governing»
does not mean that there is no influence of the second mechanism to overall
degradation process, but it means that the contribution of the governing mechanism
is higher compared to the second one. Additionally, we are going to demonstrate the
capability of photothermal technique such as TLS to follow the RB19 dye
degradation kinetics at low (5 mg/L) concentration.

All examined samples are in the shape of fine dispersed powders. They are
the same photocatalysts described and characterized in the previous chapter. The
light irradiation used for carrying out the experiments with solutions with 50 mg/L of
RB19 (high dye concentration) was Xenon lamp with day light filter (Suntest XLS+,
Atlas, USA) with UV fraction Amax = 300 - 400 nm, 6.1 mW/cm? and UV lamp
(home made photocatalytic chamber) with Amax = 365 nm, 2.3 mW/cm?. The light
irradiation used for carrying out the experiments with solutions with 5 mg/L of RB19
(low dye concentration) was 300 W UV lamp (Osram Ultra Vitalux 300W E27) with
radiated power of 13.6 W in near UV (315-400 nm) and 3.0 W at shorter
wavelengths (280 — 315 nm), the remaining 284 W in Vis (400-800 nm) wavelength
region. As it is discussed in the first chapter, solar light irradiation includes Vis light
and may cause difficulties in understanding and description of processes that undergo
during dye degradation assisted with TiOx.

The photocatalytic test of materials with RB19 dye as model pollutant was
performed and described in Chapter 3.2. It must be taken into account that
sensitization mechanism of dye degradation is possible to occur under the solar light
irradiation and may significantly influence the overall test results. To consider the

mechanisms responsible for RB19 dye degradation assisted with TiO. at high and
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low dye concentrations under the different light sources further experiments were
performed.

The changes of RB19 spectrum caused by P25 and simulated solar or UV
light are presented in Fig. 36. For clarity, obtained spectra were normalized
according to their maximal absorption at 590 nm.

Simulated solar light

1.1 11

1 b

Absorbance normalized
Absorbance normalized

L~

0.95

580 590 600

450 500 550 600 450 500 550 600
Wavelength, nm Wavelength, nm

Absorbance normalized

Wavelength, nm Wavelength, nm

Fig.36. The absorption spectrum of RB19 after the simulated solar and UV
lights irradiation in presence of TiO, (P25) for 0 min (blue), 20 or 100 min (red). For
clarity all curves were normalized to the intensity of absorption peak at 590 nm.

Bleaching of the dye is characteristic feature that occurred under the both
light sources. In parallel to lowering the absorbance at 590 nm, a dramatic
broadening of the absorption band occurs after 100 min of irradiation (Fig. 36 b, d)
under the both UV and solar simulated lights. The broadening is caused by the
intermediates formed during the reaction (Rochkind et al. 2015). The spectra of

intermediates can interfere with the spectrum of the dye causing the observed
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broadening of absorption band. It is evident, that the absorption peak undergoes
slight shift towards the lower wavelength, so-called hypocromic shift. This shift is a
consequence of C-N bond cleavage. Break away of amino group, as typical
auxochrom from benzene ring, may lead to a decline in intensity of the peak together
with an obvious blue shift (Zhang et al. 2001).

The difference in two spectra can be observed at the first 20 min of irradiation
(Fig. 36 a, c). For the initial stage (20 min) of RB19 dye degradation under the
simulated solar light the shift is not observed (Fig. 36 a), however it is clearly
detectable for the spectra recorded after 20 min of UV light irradiation (Fig. 36 c).
Such observation can be explained by the action of two different mechanisms
responsible for RB19 degradation: photocatalytic under the UV light and both,
photosensitization and photocatalysis under the simulated solar light. This statement
is in good agreement with different RB19 degradation pathways offered by (Bilal et
al. 2018) and (Abu Bakar et al. 2015) observed under the simulated solar and UV
lights, respectively. Obviously, the photocatalytic reaction contribution to overall dye
degradation under the simulated solar light at 50 mg/L concentration cannot be
ignored.

Typical behavior presented in Fig. 36 was observed for all the systems (RB19
with Cu/Zr modified photocatalyst) tested in this work except the system with
P25/Cu0.5 involved. The changes of RB19 spectra assisted with P25/Cu0.5 is
presented in the Fig. 37. There is no shift of absorption maximum registered neither
after 20 nor after 120 min of solar light irradiation even though the bleaching of the
solution and widening of the spectra were in progress. In Chapter 3.2 it is discussed
that photocatalytic mechanism of the P25/Cu0.5 powder is suppressed due to reverse
localization of electrons and holes at this copper concentration. This result suggests
that RB19 degradation assisted with P25/Cu0.5 powder occurs by means of
photosensitization mechanism. Moreover, it supports the statement, that observed
shift of RB19 absorption maximum is obvious attribute of photocatalytic mechanism
and can be probably used for distinguishing between two competing mechanisms at

initial stage of dye degradation.
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Fig. 37. The absorption spectrum of RB19 after the simulated solar irradiation
in presence of P25/Cu0.5 for 0 min (blue), 20 or 120 min (red). For clarity all curves
were normalized to the intensity of absorption peak at 590 nm.

It is important to add that the changes in the spectra (both, widening and
shifting) are not connected to the concentration of the dye by itself (Fig. 38). With
dilution of the dye, the shape of the spectra remains the same without widening or

shifting of the absorption peak (Fig. 38).
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Fig. 38. Normalized optical absorption spectra of diluted RB19 dye measured
by UV-Vis spectrometry in 1 cm cell.

The results obtained for 50 mg/L dye degradation assisted with TiO:
photocatalysts under the UV and simulated solar lights and measured at 532 nm by
UV-Vis spectrometry are presented in Fig. 39. The shift of absorption maximum,
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which was attributed to the photocatalytic mechanism is clearly observed at the very
beginning of UV light irradiation process and manifests itself as dramatic

magnification of the analytical signal.
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Fig. 39. RB19 (50 mg/L) degradation kinetics in presence of P25 or
P25/Cu0.5 measured by UV Vis spectroscopy at 532 nm under the simulated solar
and UV lights. The data is normalized to the absorbance registered at 0 min

irradiation time.

Following the amplified analytical signal, decrease of the signal is registered
for a short period of time. After approximately 50 min of irradiation next increase of
the analytical signal is observed. Current magnification of the signal is attributed to
the broadening of the absorption band due to intermediate products of dye
degradation. It is difficult to say if amplification of the signal at first 10 min of
simulated solar light irradiation is present or not. The changes of the signal are very
small and lying within the error range of the measurements. However, it is possible
that slight absorption band shift occurs under the solar light irradiation due to the
contribution of photocatalytic process to overall RB19 degradation. Contrary, if one
pays attention to the trend line observed for RB19 degradation under the simulated
solar light irradiation with presence of P25/Cu0.5, one can note that constant
analytical signal magnification is observed, which is in good agreement with results
presented in Fig. 37. No shift, but constant widening of the absorption band is
registered.

97



In order to validate the UV Vis method for determination of low
concentration of RB19 the calibration curve was determined in the range of
concentrations from 0.5 up to 10 mg/L. The calibration curve shows linear behavior
with a correlation coefficient R? = 0,999 and 0,995 determined at 590 and 532 nm,
respectively. The UV Vis method for determination of RB19 concentration was
further validated based on the linearity range and the limits of detection (LOD) and
quantification (LOQ), which were calculated as LOD = 3XSDy/m and LOQ =
10xSDxy/m (where SDxy is the standard deviation of the blank signal, and m is the
slope of the calibration curve). The obtained values of LOD and LOQ are 200 and
700 pg/L, respectively.

Hovewer, more often validation of analytical method accuracy than validation
of direct analysis is required. Before the absorption values measurements it is
necessary to leave the sample for adsorption, then to centrifuge and filter the sample
in order to separate particles. Additional steps in an analysis add additional
opportunities for error. Since detection limits are defined in terms of error, this will
naturally increase the measured detection limit. This detection limit (with all steps of
the analysis included) is called the MDL (method detection limit). MDL was
determined by repeatedly measuring samples of concentration near the expected limit
of detection (0.5 mg/L). The standard deviation is then determined. The obtained
values of LOD and LOQ are 300 and 1000 pg/L, respectively.

In order to lower the MDL, contraction of additional steps in analytical
method can be used. We desided to omit the centrifugation and filtration steps and to
performe the experiment in presence of photocatalyst. We performed the
measurements of absorption at 532 nm with the presence of 0.06 mg/L TiO2 and
compared them with the same measurements without TiO,. The relation of
normalized absorbance of RB19 solution with presence of 0.06 mg/L and without
presence of TiO> are shown in Fig. 40 and reveald huge impact of light scattering
due to the presense of TiO> particles with dye concentration lowering.

From these experiments we can see, that conventional UV-Vis
spectrophotometric technique is not able to provide accuracy at low (5 mg/L and
lower) dye concentrations. These results clearly demonstrate that highly sensitive
optical method is required to follow the kinetics of RB19 degradation at low

concentrations (5 mg/L). The requirement of accurate low absorbance measurements

98



is satisfied by technique based on photothermal effect such as thermal lens
spectrometry (TLS).
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Fig. 40. Absorbance (532 nm) of RB19 solution with presence of 0.06 mg/L
of TiO2 and without TiO». For clarity all points were normalized to the intensity of
absorption peak at 590 nm.

TLS method is known as the one developed to characterize samples with low
absorption and its accuracy is not influenced by scattering. To demonstrate the
applicability of the TLS method for determining low concentrations of RB19 dye at
different stages of the degradation process in real time, the calibration curve was
used (Fig. 41). The units of TLS signal were converted to units of concentration. The
relative standard deviations (RSDs) of the TLS for standard solutions used for the
calibration curve are presented in the inset of Fig. 41. The RSDs are in the range
between 1.5 % and 5.4 %.

The TLS shows a linear behavior in the range of concentrations from 0.05 up
to 8 mg/L, with a correlation coefficient R?> = 0.998. At higher concentrations
nonlinearity is observed due to the saturation of the signal. The TLS method for
determination of RB19 concentration was further validated based on the linearity
range and the limits of detection (LOD) and quantification (LOQ), which were
calculated as LOD = 3xSDxy/m and LOQ = 10xSDyxy/m (where SDyy is the standard
deviation of the blank signal, and m is the slope of the calibration curve). The
obtained values of LOD and LOQ are 110 and 366 pg/L, respectively. Therefore, if
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the sample is pumped at 590 nm, e.g., for which the absorption maximum is as twice
as for 532 nm, the LOD would be around 2 times lower, what would be 53 pg/L.

030}
o
. -1
05l m=0-03188 [I/mg.L7]
R’=0.998
020| SP,=0-00117
LOD=110 pgL"
- -1
Z 015, LOQ=366hgL
£
0.10 T
ol
0.05 g2t
| |
0.00}F 5
N N N 0.1 0.5 1 3 L E 8 ml
0 2 4 6 8 10
RB19 [mgL"]

Fig. 41. Calibration curve for RB19. The inset shows the relative standard
deviations (RSDs) of the data.

It is clear that TLS method is highly sensitive and enables following the
degradation kinetics of RB19 at low concentration. It is not possible to observe the
full spectrum of the compound by TLS measurements. The method is limited to one
point wavelength measurements, controlled by pump beam wavelength. The pump
beam wavelength, 532 nm, used in this study is not exactly matching the maximum
absorption peak of the RB19 as it is shown in Fig. 9.

In order to evaluate the effect of the irradiation time on the
photocatalyst/RB19 suspension, TL signal behavior was studied under two
conditions: with and without light illumination. The light source was simulated solar
light irradiation with a 300 W UV lamp (Osram Ultra Vitalux 300W E27) with
radiated power of 13.6 W in near UV (315 - 400 nm) and 3.0 W at shorter
wavelengths (280 - 315 nm), the remaining 284 W at Vis (400-800 nm) wavelengths.
The results are shown in Fig. 42.

The TL signal changes during the irradiation period for P25 suspended in
5 mg/L of RB19. In the dark, the TL signal is constant during entire irradiation time.
As the value of TL signal is proportional to the absorbance at 532 nm, the signal

decrease is attributed to the dye degradation process in the presence of photocatalyst
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and light simultaneously. These results reveal that the power of excitation (25 mW)
and probe (3 mW) beams, as well as simulated solar light irradiation by its own have
no effect on the dye degradation.

It is clearly seen, that TL signal increases at the very first period after the
irradiation process started (Fig.42). The increase of the TL signal was attributed to
the shift of the absorption peak. Of course, it is not possible to exclude the influence
of photosensitization to overall process efficiency at 5 mg/L RB19 solution.
However, the observation supports our hypothesis and demonstrates the clear
presence and dominance of photocatalytic mechanism at low RB19 dye
concentration.
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Fig.42. Temporal behavior of the TL signal for 0.06 mg/L P25 suspended in
5 mg/L RB19 under the simulated solar light irradiation.

The degradation of RB19 (5 mg/L) with Cu/Zr modified P25 was studied and
obtained results are shown in Fig. 43 (a-d). The values of the TL signal in all graphs
were normalized to the initial signal of the solution (5 mg/L RB19 at t=0 min). The

process of dye degradation is observed for all examined catalysts.
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Fig. 43. Temporal evolution (a-d) of the TL signal during the simulated solar
light irradiation of RB19 aqueous solution (5 mg/L) accompanied with 0.06 mg/L
P25 or Cu/Zr modified P25.

Even though the overall performance of the material tested at high dye
concentration (50 mg/L) is highly affected by the photosensitization mechanism and
the mechanism responsible for the dye degradation at low concentration (5 mg/L) is
shown to be photocatalytic, the trend in efficiency of tested photocatalyst is the same.
The results show, that modification of P25 with 0.05 mol % of copper accelerates the
degradation process. The higher amount (0.1 mol %) of copper loading has negative
effect on the degradation kinetics of RB19, comparing to lower copper loading.
There is no significant effect of zirconia loading on the degradation of RB19 at such
low concentration. Fig.43 (c) and 43 (d), respectively, show the effect of
P25/Zr/Cuo.0s and P25/Zr/Cuo1 modified TiO2 on the rate of RB19 degradation in
comparison to P25 and Cu modified P25. These results are in good agreement with
correlation between the mineralization and decolorization processes of RB19 under
the simulated solar light showed elsewhere (Abu Bakar et al. 2015).
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Conclusions

The attempt to distinguish between photocatalytic and photosensitization
mechanisms of RB19 dye degradation was successfully made.

The results demonstrate the capability of TLS method to follow up the RB19
dye degradation under the simulated solar light at initial dye concentration 5 mg/L.
The lowest detectable concentration of RB19 was found to be 110 ug/L. However,
considering excitation of the dye at the maximum absorption peak it was estimated
that the LOD should be improved even down to 53 ug/L.

The 3 hypothesis was confirmed. At concentration 50 mg/L RB19, dye
degrades by means of photosensitization mechanism at the beginning of the process,
while presence of both mechanisms are registered at longer irradiation time. It was
shown that at 5mg/L RB19, dye degradation assisted with 0.06 mg/L TiO>
photocatalysts under the simulated solar light proceeds by photocatalytic mechanism.
The presence of photosensitization mechanism during degradation of 5 mg/L RB19
cannot be excluded. It can be concluded that it is possible that under the simulated
solar light the predominant mechanism (photocatalytic/photosensitization)
responsible for the dye degradation may change with dye concentration changes.
Dominans of photocatalytic mechanism at lower dye concentrations may lead to
good agreement between mineralization and decolorization processes. Deeper
analysis of adsorption processes at such a low concentrations of dye and
photocatalyst are necessary in order to understand the reasons of mechanism

changes.
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CONCLUSIONS OF THE THESIS AND FUTURE OUTLOOK

The 1% hypothesis was confirmed. Loading of Zr to the copper containing
TiO2 samples showed enhanced activity towards model pollutants. Cu and Zr couple
is a promising combination for development of TiO2 based materials with enhanced
photocatalytic properties for dye polluted water treatment.

The 2" hypothesis was disproved. The formation of Cu-O-Zr moieties was
not confirmed. At the same time, however, it was shown that Zr containing species
cover rutile acidic sites on the surface of mixed phase TiO2 and provoke formation of
copper — anatase containing species, which positively influences photocatalytic
activity. It was observed that the formation of increased amount of H2O-, noticed
with electron paramagnetic resonance measurements, does not affect the RB19 dye
degradation. This observation supports the opinion about the great contribution of
surface trapped holes (surface-bounded OH), but not free HO radicals in the
degradation of RB19 under the simulated solar light.

The 3" hypothesis of the thesis was confirmed. It is possible to register
photocatalytic mechanism of RB19 dye at concentration 5 mg/L under the simulated
solar light. This may suggest that the governing mechanism of RB19 dye may
change with changing dye concentration under the simulated solar light.

I believe that findings of this thesis give a solid basis for further work to be
done in order to obtain more precise quantitative information about details of
mechanism responsible for water pollutants degradation at low pollutants
concentrations. This approach may shed light on the distinguishing between two
different mechanisms (direct hole/surface bounded HO and free HO' radical
oxidation), which can probably coexist and contribute to the overall degradation
process.

Finally, the choice of the method and the model pollutant are the crucial
points at photocatalyst/pollutant pair characterization. It is difficult to develop the
general-purpose strategy for all photocatalytic systems. The specific character of
both the material and the pollutant must be taken into account. Meticulous attention
should be paid to the understanding of the whole process, which is responsible for
the formation of the tracking substance. The success in the experimental results
interpretation is strongly dependent on correctly chosen strategy and deep

understanding of general features of the experiment.
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