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doktorskiej obejmuje preparatykę i charakterystykę fotokatalizatorów, ze 

szczególnym uwzględnieniem modyfikowanych fotokatalizatorów tlenku 

tytanu(IV), które znajdują zastosowanie do degradacji zanieczyszczeń 

organicznych niepodatnych na rozkład biologiczny. Celem pracy 

doktorskiej było opracowanie metody otrzymywania i charakterystyka 

nanokompozytów typu rdzeń magnetyczny – otoczka (TiO2) aktywnych 

fotokatalitycznie pod wpływem promieniowania UV i Vis. Zastosowanie 

metody mikroemulsyjnej do otrzymywania nanokompozytów 
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rdzeń nanokompozytu stanowił tlenek żelaza(II) diżelaza(III) (Fe3O4), 

pokryty warstwą inertnej krzemionki oraz warstwą fotokatalizatora TiO2. 

Drugim z aspektów naukowych pracy było uzyskanie zwiększonej 

aktywności fotokatalitycznej otrzymanych nanokompozytów w świetle 

UV/Vis, jak i świetle widzialnym poprzez modyfikację powierzchni TiO2 

platyną oraz miedzią, jak również wprowadzenie do struktury krystalicznej 

defektów tytanowych. Otrzymane nanokompozyty zastosowano do 

efektywnej degradacji uporczywych zanieczyszczeń organicznych obecnych 

w płynie pozabiegowym po procesie szczelinowania hydraulicznego oraz 

karbamazepiny,  powszechnie stosowanego leku przeciwpadaczkowego, 

zaliczanego do grupy środków farmaceutycznych stanowiących 

zanieczyszczenie środowiska wodnego. 

Summary of PhD dissertation in English: The main aim of the doctoral 

dissertation was preparation and characterization of photocatalysts, with 

particular emphasis on modified titanium (IV) oxide photocatalysts, which 

can be applied for the degradation of organic pollutants not susceptible to 

biodegradation. A particularly important aspect of the work was the 

development of preparation method of nanocomposites with the magnetic 

core-shell and photocatalyst shell (TiO2) structure, photocatalytic active 

under UV/Vis radiation. The use of the microemulsion method for the 

preparation of magnetic nanocomposites allowed for the creation of the 

desired structure, in which the core of the nanocomposite was iron (II) 

diiron (III), (Fe3O4), covered with a layer of inert silica and TiO2 

photocatalyst. The second scientific aspect of the work was to increase the 

photocatalytic activity of the obtained nanocomposites in UV/Vis light and 

visible light by modifying the titanium(IV) oxide surface with platinum and 

copper, as well as introducing titanium defects into the crystal structure of 

TiO2. The obtained nanocomposites were used for the effective degradation 

of persistent organic pollutants present in flowback water after the hydraulic 

fracturing process and carbamazepine, a commonly used antiepileptic drug, 

classified as a pharmaceutical pollutant of the aquatic environment. 
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Chapter 1 

Introduction 

Nowadays, about 3,000 different active substances are used in the European 

Union in the production of pesticides, painkillers, antibiotics, contraceptives, beta-

blockers, lipid regulators, sedatives and drugs. Some of the widely used 

pharmaceuticals (antiepileptic carbamazepine) as well as analgesic and anti-

inflammatory drugs (ibuprofen, diclofenac, ketoprofen, naproxen), have been 

detected in lakes, rivers and sewage treatment plants in concentrations ranging from 

5 to 3500 ng/dm3 [1]. In this regard, the use of Advanced Oxidation Technologies - 

AOTs, which use the strongest oxidizing properties of hydroxyl radicals – 2.80 V [2], 

enable the complete mineralization and removal of persistent compounds that are 

difficult or not susceptible to degradation using traditional methods of wastewater 

treatment. 

Photocatalysis is one of the AOTs, consisting of the acceleration of a chemical 

reaction that occurs with the use of electromagnetic radiation (infrared, ultraviolet 

or visible light). Materials, capable of absorbing a radiation quantum with 

simultaneous activation and thus, promoting a chemical reaction are called 

photocatalysts, most of which are semiconductors. Among a wide range of 

semiconductors used in photocatalytic reactions [3, 9], titanium(IV) oxide (TiO2) is 

the most widespread due to its advantages, e.g. high oxidizing potential, high 

chemical stability over a wide pH range, and relatively low price [10]. The first 

paper on the application of TiO2 as a potential photocatalyst was reported in 1972 

when Honda and Fujishima published their work about the photocatalytic 

decomposition of water using titanium(IV) oxide electrode [11]. Four years later, in 

1976, Carey et al. for the first time studied photodegradation of biphenyls and 

chlorobiphenyls in the presence of TiO2 [12]. Titanium(IV) oxide may occur in three 

polymorphs: tetragonal anatase and rutile as well as orthorhombic brookite [13]. 

The most stable one is rutile, with anatase and brookite converted into it through 
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high-temperature thermal treatment [14]. Commercially available titanium(IV) 

oxide is usually a mixture of crystalline and non-crystalline phases [15]. Studies 

show that biphasic TiO2, consisting of anatase and rutile, achieves higher 

photocatalytic activity than monophasic one, due to the synergistic effect that 

extends the lifetime of photogenerated charge carriers [16]. In recent years, many 

studies focused on TiO2 different structures and morphology. Nonetheless, despite 

different shape and polymorphic composition, which enhance the photocatalytic 

activity, TiO2-based photocatalysis possess some limitations that impede 

commercialization. The major limitations discussed in the doctoral dissertation and 

challenges are presented in Figure 1.  

 

Figure 1. Potential technological problems and challenges in heterogeneous 

photocatalysis.  

Mass transport in heterogeneous photocatalysis at the air/water/solid interface is 

primarily dependent on the interface between the phases. The larger the contact 

surface, the more efficient the photocatalytic process will be. The proper interfacial 

contact size, when carrying the process where the photocatalyst is suspended in the 

Mass transfer Separation

Water and wastewater
transparency

Visible light activation

Potential technological 
challenges in heterogenous 

photocatalysis
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aqueous phase, can be ensured by nanometric particle size, aeration as well as the 

mixing of the system. 

The photocatalyst’s particle size is closely related to its specific surface area. The 

number of active centres on which the adsorption of pollutants occurs depends on 

the development of the surface area. Usually, the smaller the particle sizes, the 

better the photocatalytic properties are observed. Addamo et al. [17] studied the 

effect of calcination temperature on the crystallites’ size as well as the specific 

surface area and photocatalytic activity in the 4-nitrophenol degradation reaction. 

They found that the increase in calcination temperature from 120 °C to 500 °C 

caused a three-fold decrease in specific surface area. On the other hand, the 

exceptionally high specific surface area increases the incidence of crystal defects 

which favour the recombination of electrons and holes, thereby reducing the 

photocatalytic activity [18].  

Aeration of photocatalysts suspension is mainly used to provide dissolved 

oxygen in the system, which is necessary to generate reactive oxygen species. The 

most optimal oxygen concentration is above 1 mg/dm3 [19]. Aeration and mixing of 

the photocatalyst suspension lead to the dispersion of the semiconductor particles 

throughout the entire reactor volume and, thus to an increase in the surface contact 

between photocatalyst and pollutant molecules. However, it should be noted, that 

intense mixing and aeration could also lead to turbulent flow and, consequently, to 

a disturbance in the transparency of the system and a decrease in photocatalytic 

activity. 

The depth of UV light penetration into the photocatalyst suspension is limited by 

the strong absorption of titanium(IV) oxide and the properties of dissolved organic 

pollutants [20]. Also, energy losses due to light reflection from the photocatalyst 

surface, transmission and heat losses are inevitable and mostly affect process 

efficiency [21]. Therefore, appropriate reactor construction, forcing radiation of a 

thin, transparent layer and enabling penetration of radiation deep into the aqueous 

phase could cause an increase in TiO2 photocatalytic activity. 

To the major challenges of the photocatalytic process belongs the limitations 

related to the wide band gap of TiO2, which differs in the range of 3.0-3.2 eV, for 

rutile and anatase, respectively [22]. Therefore, photoexcitation of TiO2 is possible 
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almost only in UV light (λ  388 nm), and use of solar radiation is highly limited, 

which generates high costs due to application of energy-consuming light sources in 

photocatalysis. It is assumed that only 3-5% of sunlight could be used in the process 

of photocatalysis using pure TiO2. Also, unfavourable recombination of generated 

by photo-excitation electrons and holes causes a significant reduction in the 

quantum efficiency of the photocatalytic process [23]. 

In order to increase the activity of titanium(IV) oxide in visible light (400-800 nm) 

range, various methods of doping and surface modification are used, including: 

• Doping with non-metals, e.g. N [24], C [25], F [26], Cl [27], S [28], I [29]; 

• Surface modification with noble and semi-noble metals, e.g. Ag [30], Au 

[31], Mo [32], Fe [33], Pt [34], Pd [35]; 

• Sensitization with dyes [36, 37]; 

• Heterojunction with other semiconductors [38 - 40]; 

• Introduction of intrinsic crystal defects [41 - 43]; 

Among the used methods, surface modification with noble and semi-noble 

metals is the most commonly applied. Wysocka et al. [44] obtained mono- (Pt, Ag, 

Cu) and bimetal- (Cu/Ag, Ag/Pt, Cu/Pt) modified TiO2 photocatalysts, where TiO2 

matrix was commercially available ST01 (fine anatase particles). Metal ions were 

reduced using the chemical as well as the thermal treatment method. The highest 

photocatalytic activity in hydrogen evolution was observed for TiO2-based 

nanocomposite modified with Pt and Cu. Klein et al. [45] prepared TiO2-P25 

modified with Pt, Pd, Ag and Au using radiolysis. Obtained photocatalysts were 

further immobilized on a glass plate and used for toluene removal from the gas 

phase. The highest photoactivity was noticed for TiO2 modified with 0.1 % of Pt. In 

turn, Janczarek et al. [46] proposed a method of obtaining Ag- and Cu-modified 

decahedral anatase particles (DAP) by photodeposition. Au/Ag modified DAP, 

together with octahedral anatase particles (OAP) were also characterized by Wei et 

al. [47]. It was found that selective deposition of metals nanoparticles on {001} facets 

of TiO2 results in significant photocatalytic process improvement under visible light 

irradiation. 

Metals nanoparticles have unique properties compared to bulk material or 

isolated atoms. Depending on the shape and size, metal nanoparticles possess better 
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optical, electrical and magnetic properties [48]. Furthermore, transition metal 

nanoparticles, such as Ag, Au, Pt, due to the presence of localized surface plasmon 

resonance, can absorb visible light. Localized Surface Plasmon Resonance (LSPR) is 

a collective oscillation of electrons caused by an external electric field. The field 

inside the nanoparticles, created under the influence of an electromagnetic 

wavelength, sets electrons in the conductivity band in motion. The presence of 

electrons affects the formation of a negative charge on one side of the particle, while 

a positive one on the other side. If the frequency of the exciting light is the same as 

the oscillation frequency, the quantum of light excites the oscillating vibrations of 

the particle [49,50]. Metal nanoparticles’ deposition on the surface of titanium(IV) 

oxide allows the activation of the semiconductor in the visible range. Metals 

deposited on the TiO2 surface could also increase photocatalytic activity by reducing 

the electron-hole recombination and generating charge carriers due to light 

interaction as well as increasing the efficiency of interfacial charge transfer [51 - 55]. 

Differences between photoactivation of non-modified and metal-modified TiO2 are 

presented in Figure 2 a-c in the reaction of phenol photodegradation in UV and Vis 

light. 

Noble metals deposited on titanium(IV) oxide are also characterized by high 

Schottky barrier and therefore act as electron traps, facilitating charge carriers 

separation. They are also able to react with holes, electrons and oxygen [52], as it is 

presented in the equations (1-3): 

 M + e− → M− (1) 

 M− + O2 → O2
− + M (2) 

 M +  H+ → M+ (3) 

Moreover, the efficiency of titanium(IV) oxide activation is significantly 

influenced by the amount of deposited metal and its particle size [56]. Larger 

particles (above 100 nm) and high metal concentration could block active sites on 

the TiO2 surface and accelerate the recombination of electron-hole pairs [57]. 
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Figure 2. Schematic illustration of the mechanism of phenol degradation in UV 

light in the presence of non-modified (a) and metal-modified TiO2 (b) as well as 

Vis light activation in the presence of metal-modified TiO2 (c).  

 

 

 

 

 

 

 

a) 

b) 

c) 
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Another possibility of increasing the TiO2 photoactivity is an introduction of 

intrinsic defects to its crystal structure. Titanium and oxygen vacancies, surface 

disorders as well as the formation of Ti-OH bonds, could extend the light absorption 

to the visible region without any external dopant introduction. Ti3+ defected 

(commonly known as blue titania) and reduced TiO2 (black titania) are widely 

described in the literature [58 - 59]. Lettieri et al. [60] obtained blue TiO2 from 

commercially available titanium(IV) oxide – P25 by a simple solvent reflux thermal 

treatment method. The formed surface and sub-surface oxygen vacancies allowed 

for narrowing the bandgap energy (Eg) to about 2.3 eV and, as a consequence, 

increasing the photoactivity in visible light range. In turn, the yellow colour of the 

TiO2 photocatalyst suggests the formation of titanium vacancies (VTi) or titanium 

interstitials (Tii), which are the most rarely investigated from all the titania defects. 

Titanium removal from the crystal structure (as it is presented in Figure 3 for 

anatase polymorph) could be caused by nucleation and growth of TiO2 

nanoparticles in the presence of UV light [41]. VTi are also responsible for p-type 

properties of TiO2 and lowering its Fermi level due to acceptor-type centres forming 

[61 - 62].  

 

Figure 3. Atomic structure of anatase TiO2 with formed titanium vacancies. 

At the end of the 20th century, along with the growing interest in TiO2 

photocatalysis and its use for the purification of both gas [63] and liquid [64] phases, 
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the problem with the photocatalyst’s recovery and reuse became a very important 

issue in photocatalysis, especially in a technological scale. The main reason for the 

separation process limitations and, consequently, its effectiveness is the nanometric 

size of the titanium(IV) oxide [65]. Recover of the suspended photocatalysts from 

the batch reactor could be carried out with the use of ultrafiltration [66]. However, 

such a solution is expensive and significantly increases the costs of the 

photocatalysis process. Another method that completely excludes the separation 

process is TiO2 immobilization on support. Titanium(IV) oxide nanoparticles could 

be deposited on solid material, such as glass, sand, ceramic balls, zeolites, activated 

carbon, optical fibres [67 - 69]. Immobilization could be carried out by dip-coating, 

controlled immersion of the carrier in the photocatalyst suspension [70]. 

Nevertheless, TiO2 solidification leads to a decrease in its photocatalytic activity 

caused by specific surface area reduction [71]. Comparison studies of the 

photodegradation activity between suspended and immobilized TiO2 in the formic 

acid degradation reaction were conducted by Dijkstra et al. [72]. They found that 

suspension of titanium(IV) oxide was four times more active than TiO2 deposited on 

a solid support. Also, intermediate products of the photocatalysis reaction might 

settle on the immobilized photocatalyst’s surface, which could significantly reduce 

its activity [73]. In addition, it has often been reported in the literature that the 

deposited photocatalyst layer is not stable and is susceptible to abrasion during the 

photocatalytic reaction [42, 74].  

Therefore, other separation methods should be developed, focusing primarily on 

a magnetic separation using an external magnetic field. Attempts to combine 

photoactive semiconductors with magnetic compounds have been first described in 

the 1990s. Since then, researches are still underway to obtain the optimal structure of 

such a composite. Many solutions are proposed, ranging from disordered mixtures 

of both phases [75, 76], through more precise connections, such as a core-shell [77, 

78], and ending with even multi-stage syntheses that allow obtaining multilayer 

structures [79]. The various proposed composite structures are presented 

schematically in Figure 4. 
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Figure 4. Examples of combined ferromagnet-photocatalyst structures. Author’s 

scheme based on [79].  

In recent years a great deal of attention has been directed towards TiO2 

modification with ferromagnetic iron oxides such as Fe3O4 [77], [80], ZnFe2O4 [81], 

BaFe12O19 [82, 83]. The most often used magnetic material is iron(II, III) oxide 

(Fe3O4), which crystal structure is presented in Figure 5. Fe3O4 is commonly used as 

a ferromagnetic material due to its simple synthesis method [84] as well as by 

excellent magnetic properties with Ms value of about 90 Am2/kg, enable its efficient 

separation from the suspension.  

 

Figure 5. Crystal structure of Fe3O4. Octahedrals were not marked for clearer 

structure visibility.  

In the Fe3O4 structure are unpaired electrons which, in an external magnetic field, 

create the partial magnetic moments, due to their ordered orbits movement around 

individual atoms. The created magnetic moments equal to the macroscopic 

magnetic properties of magnetic material. Also, the existence of the magnetic 

domains, i.e. areas in the material structure where partial magnetic moments are 
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directed in one direction, is characteristic for ferromagnets [85]. In photocatalysis, 

magnetic separation is efficient for high saturation magnetization (Ms) values. Ms 

represents the force of interaction between the magnetic particle and the current 

magnetic field. However, at present, there is no clearly defined value of Ms that 

would allow for efficient separation of the photocatalyst from the aqueous phase. 

Some authors indicate that Ms value of 1 Am2/kg is enough for efficient separation 

[86]; however, similar claims are not supported by any broader research. 

The most crucial requirements for building ferromagnet-photocatalyst structures 

are the stability of the entire structure and no interference of the magnetic 

compound on the photocatalytic process. Several reports are indicating that 

magnetic materials, e.g. Fe3O4, are semiconductors themselves and could support 

the charge carriers separation, generated in the photocatalyst structure [87, 88]. 

However, the direct contact of those compound could also result in a decrease in 

photocatalytic activity [89]. It could be caused by both reduction of iron(III) to 

iron(II) in the Fe3O4 structure as well as its further leaching in an acidic environment 

and its secondary oxidation to iron(III) [90]. The possible reactions of iron oxidation 

and reduction are presented in equations (4)-(7) [89]. 

 Fe3+(s) + e− → Fe2+(s) (4) 

 Fe2O3 + 6H+ + 2e− → 2Fe2+ + 3H2O (5) 

 Fe3O4 + 8H+ + 3e− → 3Fe2+ + 4H2O (6) 

 Fe2+(aq) + h+ → Fe3+(aq) (7) 

As a result, the generated charge carriers are used for iron oxidation, not on 

photocatalytic degradation of pollutants. Moreover, iron dissolution could cause 

poisoning of photocatalyst and, as a consequence, breakdown of the ferromagnet-

photocatalyst structure [91], as presented in Figure 6.  
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Figure 6. Possible reactions in Fe3O4/TiO2 composite, contributing to Fe3O4 

degradation and decrease in photoactivity. Author’s scheme based on [92]. 

In this regard, limiting the interaction between a ferromagnet and the 

environment as well as excluding the possibility of charge carriers migration are 

highly desirable. This approach was recently presented in the literature, which 

resulted in proposing the use of the core-shell structures, where the core is magnetic 

compound and shell is a photocatalyst, using an additional intermediate layer, 

which is isolation between the two relevant phases of the composite. As an inert 

interlayer, SiO2 [93 – 95], as well as polymers, such as poly(methacrylic acid) [96] or 

polyaniline [97] and carbon [98 – 99], could be used. The presented approaches 

prevent the charge migration between magnetic and photocatalytic compounds. 

However, the used polymers could be degraded after long term use as a result of 

their secondary reactions with generated radicals [100]. Another issue is the 

thickness of the introduced interlayer. The SiO2 layer thickness, effectively 

separating magnetic core and photocatalytic shell, should not be less than 5-10 nm 

[101 – 102]. However, it should be noted, that presented value is purely theoretical, 

and for all designed composited, it should be determined individually and 

experimentally.  

Nonetheless, in the literature, since the first reports on magnetic TiO2 

photocatalysts preparation and characterization, there is still a lack of answers for 

several problems: 

e-

h+

H+

Fe2+

Fe2+

Fe3+

Fe2+ (s) ← Fe3+ (s)

Fe3O4

TiO2

Oxidation of the Fe2+ to Fe3+

Fe2+ rinsing in acidic 
environment

Reduction of the Fe3+ to Fe2+ 

due to electron transfer 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 

 
                 FACULTY OF CHEMISTRY 

 
 

 

 

 
 

~ 25 ~ 
 

• How to obtain stable core-shell structure – lack of universal synthesis 

method; 

• Is there a possibility to combine magnetic stability and photocatalytic 

activity of composite material in visible light – comparison of different TiO2 

matrices, different methods of increase of visible light activity (surface 

modification with metal nanoparticles, vacancies formation and their 

combination); 

• Are obtained magnetic photocatalysts equally effective in 

photooxidation/photoreduction reactions and degradation of various 

organic compounds. 
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Chapter 2 

Research goals 

Based on the literature overview, the white spots were indicated, explanations 

which I have undertaken in the framework of the doctoral thesis. The main focused 

of PhD dissertation was to obtain TiO2-based photocatalyst highly active in UV-Vis 

light and separable in the magnetic field after the photocatalytic treatment process.  

In order to achieve the intended goal, several studies have been taken to explain: 

• The effect of titanium vacancies formed in the crystal structure of TiO2 

photocatalysts during the preparation procedure as well as the effect of 

surface modification of TiO2-based magnetic photocatalyst with 

platinum and/or copper nanoparticles on increasing visible light 

photoactivity; 

 

• The influence of the preparation method on magnetic photocatalyst core-

shell structure stability, photocatalytic and magnetic properties. 

Researches were mainly focused on the selection of a proper 

methodology (TiO2 type and TiO2:SiO2: ferrite molar ratio) with an 

emphasis on reaction environment, which allow to self-organize the 

composite components and create the core-shell structure of the 

photocatalyst; 

 

• The effect of TiO2 matrix and its modifications’ on magnetic 

nanocomposites’ properties, particularly on photocatalytic activity both 

in UV-Vis and Vis light in different oxidation and reduction reactions; 

 

• The relationship between the type of deposited metals and their 

morphology on the efficiency of organic pollutant degradation; 
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• The significance of superoxide anion radicals and hydroxyl radicals in 

the mechanism of persistent organic pollutants degradation; 

 

• The relationship between the type of deposited metal on light absorption 

properties – action spectrum analyses; 

 

• The possibility of using the photocatalytic method to degrade organic 

compounds that are not susceptible to biological degradation 

(carbamazepine, organic compounds present in the technological fluids 

with high salinity). Optimization of the degradation process. 
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Chapter 3 

Research description 

The research issues of the PhD dissertation are studied and discussed in detail in 

a series of six publications and 3 patents listed below: 

• Z. Bielan, E. Kowalska, S. Dudziak, K. Wang, B. Ohtani, A. Zielińska-Jurek, 

Mono- and bimetallic (Pt/Cu) titanium(IV) oxide photocatalysts. 

Physicochemical and photocatalytic data of magnetic nanocomposites’ shell, 

Data in Brief. 31 (2020) 105814 (Q1, IF 0.93), henceforth referred to as P1;  

 

• Z. Bielan, S. Dudziak, A. Sulowska, D. Pelczarski, J. Ryl, A. Zielińska-Jurek, 

Preparation and Characterization of Defective TiO2. The Effect of the 

Reaction Environment on Titanium Vacancies Formation, Materials. 13 

(2020) 2763 (Q2, IF 2.972), henceforth referred to as P2;  

 

• Z. Bielan, A. Sulowska, S. Dudziak, K. Siuzdak, J. Ryl, A. Zielińska-Jurek, 

Defective TiO2 Core-Shell Magnetic Photocatalyst Modified with Plasmonic 

Nanoparticles for Visible Light-Induced Photocatalytic Activity, Catalysts. 

10 (2020) 672 (Q2, IF 3.444), henceforth referred to as P3; 

 

• A. Zielińska-Jurek, Z. Bielan, I. Wysocka, J. Strychalska, M. Janczarek, T. 

Klimczuk, Magnetic semiconductor photocatalysts for the degradation of 

recalcitrant chemicals from flow back water, Journal of Environmental 

Management. 195 part 2 (2017) 157-165 (Q1, IF 4.005), henceforth referred to 

as P4; 

 

• A. Zielińska-Jurek, Z. Bielan, S. Dudziak, I. Wolak, Z. Sobczak, T. Klimczuk, 

G. Nowaczyk, J. Hupka, Design and Application of Magnetic Photocatalysts 

for Water Treatment. The Effect of Particle Charge on Surface Functionality, 

Catalysts. 7 (2017) 360-379 (Q2, IF 3.465), henceforth referred to as P5;  
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• A. Zielińska-Jurek, Z. Bielan, Sposób otrzymywania fotokatalizatora 

magnetycznego wielowarstwowego (Method of preparation of a multilayer 

magnetic photocatalyst), Patent PL. 233343 (2019); Patent PL. 233344 (2019); 

PL. 233345 (2019), henceforth referred to as P6; 

 

• Z. Bielan, E. Kowalska, S. Dudziak, K. Wang, B. Ohtani, A. Zielińska-Jurek, 

Mono- and bimetallic (Pt/Cu) titanium(IV) oxide core-shell photocatalysts 

with UV/Vis light activity and magnetic separability, Catalysis Today. 

(2020) (Q1, IF 4.888) journal pre-proof henceforth referred to as P7; 

The canon of PhD thesis [P1–P7] includes the studies conducted to gain a better 

understanding of the effects of precursor type and a reaction environment on 

physicochemical properties of magnetic composites. Moreover, the light absorption 

properties of the synthesized photocatalysts were the second important issue 

studied in detail within this work. 

As illustrated in Figure 7, the first step towards fulfilling the intended goal was 

an extensive literature review in terms of titanium(IV) oxide advantages as well as 

its limitations and proposed methods for their overcoming. It allowed designing the 

complete, five-step plan of PhD dissertation. All stages in the flowchart as main 

aspects of presented work are briefly discussed in the following subsections as well 

as described in detail in publications enclosed in full, with formatting, in Chapter 5. 
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Figure 7. Thematic correlation between the papers that constitute the scientific 

achievement in the PhD dissertation. 

 

3.1 Enhanced photocatalytic activity in UV-Vis light of 

TiO2-based photocatalysts 

The first focus was on increasing the visible light activity of titanium(IV) oxide. 

From all the methods, surface modification with noble and semi-noble metal 

nanoparticles as well as the introduction of intrinsic defects into TiO2  crystal 

structure were selected to improve the activity in Vis light and improvement charge 

carriers separation [P1, P2].  

Although such great amount of publications regarding TiO2 surface modification 

with noble and semi-noble metals have been reported, there is still a lack of 

Literature review

Research design

Fe3O4@SiO2/TiO2 nanocomposites’ 
preparation using sol-gel method

Fe3O4@SiO2/TiO2 nanocomposites’ 
preparation using microemulsion method

TiO2 modification for photoactivity 
increasing

Fe3O4@SiO2/TiO2-M nanocomposites’ preparation using 
microemulsion method

Photodegradation of persistent pollutants with use 
of  Fe3O4@SiO2/TiO2 nanocomposites’

Photocatalyst separation 
enhancement 

Photocatalytic activity 
enhancement

P4

P3 
P5
P6
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complementary comparison between a wide range of metal-modified TiO2 matrices, 

differing in photocatalyst particle sizes and phase composition. Such an attempt was 

partly made by Endo et al. [31]. In their work, Au and Ag were photodeposited on 

six different commercial TiO2, used further for fungi and bacteria 

photodecomposition. However, there is no information about the photocatalytic 

activity of the obtained samples. Kowalska et al. [103, 104] studied the effect of Ag, 

Au and Cu modification of eight TiO2 matrices on photocatalytic activity. 

Nonetheless, only monometallic modifications of TiO2 were obtained. In this regard, 

the present study [P1] focused on correlation the morphological properties of 

titanium(IV) oxide phases, the concentration of modifying metal and its type with 

photocatalytic activity in reactions of H2 generation, nitrophenol reduction, as well 

as phenol and acetic acid oxidation.  

Three commercially available titanium(IV) oxide photocatalysts: ST01, ST41 

(Ishihara Sangyo, Japan) and FP6 (Showa Denko K.K., Japan), as well as self-

prepared TiO2 from titanium n-butoxide hydrolysis (sample TBT), were used as a 

base for further modification. Physicochemical characteristic of selected non-

modifiedTiO2 samples is presented in Table 1.  

Table 1. Phase percentage, crystallite size and BET surface area of non-modified 

TiO2 photocatalysts [P1]. 

 

TiO2 

  

Anatase   

[nm] 

Anatase 

[%] 

Rutile   

[nm] 

Rutile   

[%] 

Brookite 

[nm] 

Brookite 

[%] 

BET surface 

area [m2/g] 

TBT 8.2 ± 0.1 63 ± 6 - - 7.7 ± 0.2 37 ± 4 118 

ST01 7.7 ± 0.1 100.0 ± 0.4 - - - - 181 

FP6 11.3 ± 0.1 78.6 ± 0.3 4.9 ± 0.2 21.4 ± 0.9 - - 104 

ST41 45.8 ± 0.2 100.0 ± 0.2 - - - - 10 

The selected TiO2 matrices differed in particles size, phase composition and 

surface area, which further influenced on their photocatalytic activity. Nevertheless, 

all non-modified titanium(IV) oxide samples absorb UV light with an absorption 

edge at 400 nm and therefore had negligible photoactivity in visible light range. In 

order to increase the photoactivity, platinum and copper were used as surface 

modifiers of TiO2. Photodeposition method allowed for successful modification of 

the titanium(IV) oxide surface. The highest photocatalytic activity both in oxidation 

and reduction reactions revealed Pt-modified TiO2 samples almost regardless of the 
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Pt species amount (0.05 – 0.1 mol%) deposited on the semiconductor surface. The 

TiO2 template also influenced the efficiency of the photocatalytic reactions. The 

metal-modified ST01 samples (small anatase NPs) exhibited the highest activity 

towards hydrogen generation, whereas, for acetic acid oxidation, M-modified ST41 

samples (large anatase particles) revealed higher photocatalytic activity than Pt-

ST01. Previously, Prieto-Mahaney et al. [105] studied the morphological and 

photocatalytic properties of 35 commercial TiO2 samples. It was found that ST01 

with a high BET surface area is more suitable for adsorption of methanol in 

hydrogen evolution reaction, while ST41 photocatalyst with a low BET surface area 

is more efficient in the reaction of acetic acid decomposition to CO2. Moreover, 

deposition of platinum and copper on different titanium(IV) oxide matrix, thereby 

creating bimetallic structures on TiO2 resulted in similar dependence as for 

monometallic TiO2 photocatalysts. Furthermore, the effect of platinum and copper 

amount on ST41 support on photocatalytic activity in reduction and oxidation 

reactions was studied. It was found that deposition of 0.1 mol % of Cu and 0.1 mol 

% of Pt had a positive impact on phenol degradation and acetic acid decomposition 

measured as CO2 evolution. However, the presence of Cu at the surface of TiO2 

decreased the H2 amount generated in photocatalytic reaction in the presence of Pt-

Cu/TiO2 nanoparticles. 

A different approach is presented in the work [P2]. By simple hydrothermal 

method in the presence of three selected oxidizing agents: HIO3, H2O2 and HNO3, 

yellow defected TiO2 was obtained. Similarly to titanium(IV) oxide modification 

with noble and semi-noble metals, TiO2 with titanium vacancies (VTi) allowed for 

increasing the TiO2 photoactivity in both UV-Vis and visible light range. 

Introduction of intrinsic defects into titanium(IV) oxide crystal structure led to 

shifting the absorption spectra towards longer wavelengths, thus narrowing its 

bandgap to approximately 2.7-2.9 eV. The electron paramagnetic resonance (EPR) 

spectroscopy measurements were conducted in order to direct confirmation of 

intrinsic defects presence. The designated Lande factor (g) of value in range 1.998-

2.003 indicated the VTi formation after TiO2 synthesis in the oxidative environment 

(Figure 8). It is also worth to mention that based on XPS analyses, the presence of 

oxygen defects as well as the possibility of iodine doping were excluded.  
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Figure 8. The EPR spectra for defective TiO2 photocatalysts obtained in different 

oxidative environments in comparison with pure TiO2-TBT sample [P2].  

Photocatalytic activity of the obtained samples was evaluated in reaction of 

phenol degradation under UV-Vis and Vis light irradiation. The highest efficiency of 

phenol decomposition in UV-Vis light was observed for TBT-HNO3_50, whereas 

under Vis light irradiation for TBT-HIO3_50. Further studies in the field of defective 

TiO2 with VTi concerned on the most relevant oxidant concentration that will allow 

reaching the highest photocatalytic activity in the investigated system. Additionally, 

a thermal stability test of the obtained photocatalysts was performed. It was found 

that in the investigated range of iodic acid concentrations (from 0.5 mol % to 100 

mol %), the most optimal for creating the photocatalytic material with high 

photoactivity was the addition of 20 mol% to 50 mol% of HIO3 to the reaction 

environment. Higher oxidant concentrations resulted in a high amount of created 

crystalline defects and, in consequence, decreasing the efficiency of organic 

pollutants degradation. The photocatalytic activity for the obtained samples 

correlates well with photoluminescence (PL) spectra, UV-Vis spectra, and EPR 

spectra analyses, see in Figure 9. 
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Figure 9. Correlation of the diffuse reflectance (DR)/UV-Vis spectra for pure TiO2 

and defective TiO2-HIO3 photocatalysts (a); Photoluminescence (PL) spectra for 

defective TiO2-HIO3 samples (b); with EPR analyses (c) and photodegradation of 

phenol in UV-Vis and Vis light analyses (d) [P2]. 

The most intense EPR signal was assigned to defective TBT-HIO3_75, where the 

highest concentration of oxidant (75 mol%) was used. From the PL spectra analysis, 

the TBT-HIO3_75 sample showed the highest intensity among analyzed 

photocatalysts, which indicated the highest electron-hole recombination as well as 

the lowest phenol degradation efficiency. It could suggest that too high 

concentration of defects in the TiO2 structure could significantly decrease the 

photocatalytic activity of the semiconductor.  

Furthermore, in thermal stability tests, increasing of calcination temperature 

from 300 to 1000 °C resulted in significant crystal dimensions growth with 

simultaneous BET specific surface area reduction. Higher calcination temperature 

was also associated with anatase to rutile transition, while the presence of defects 
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promoted this transformation at lower temperatures [P2]. However, despite the 

durability of the yellow colour of the samples, which indicated the titanium defects 

thermal stability, the visible light photoactivity was markedly lower for samples 

calcined above 450 °C. In order to determine the photocatalytic reaction mechanism 

in the presence of defective TiO2 photocatalyst (see in Figure 10), the photocatalytic 

processes in the presence of scavengers were performed. In this regard, 1,4-

benzoquinone (BQ), silver nitrate (SN), ammonium oxalate (AO) and tert-butanol (t-

BuOH) were used as superoxide radical anions (·O2-), electrons (e-), holes (h+) and 

hydroxyl radicals (·OH) scavengers, respectively.  

 

Figure 10. Photocatalytic degradation of phenol for defective TiO2 photocatalysts 

in the presence of e−, h+, •O2−, and •OH scavengers [P2]. 

Addition of BQ as superoxide radical anions scavenger caused a significant 

reduction of photocatalytic activity for all obtained TBT-HIO3 photocatalysts. 

Therefore, it can be assumed that •O2− are crucial reactive oxygen species 

participating in the photocatalytic reaction in the presence of defective TBT-HIO3 

samples. Finally, the stability tests performed in three 3-hours-long subsequent 

cycles of phenol degradation under UV-Vis light confirmed the reusability and no 

loss in phenol degradation.  
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Furthermore, the characterized defective d-TiO2 samples were for the first time 

modified with Pt and Cu nanoparticles to increase the photocatalytic activity in Vis 

light [P3] and then deposited on the magnetite core [P3, P7] to effectively separate 

photocatalyst nanoparticles after the photodegradation process. 

The physicochemical characteristic containing BET surface area, crystallite size, 

phase composition, as well as bandgap values of the obtained d-TiO2-Pt/Cu 

photocatalysts are presented in Table 2 [P3].  

Table 2. The physicochemical characteristic of d-TiO2-Pt/Cu samples. 

Sample 

Crystalline Size and Phase Content 

Anatase Rutile Brookite 

Size (nm) 
Phase Content 

(wt.%) 
Size (nm) 

Phase Content 

(wt.%) 
Size (nm) 

Phase Content 

(wt.%) 

TiO2 5.97 ± 0.04 95.5 ± 1 - - 6.1 ± 0.3 4.5 ± 1 

d-TiO2_20 5.14 ± 0.03 96 ± 1.0 - - 4.0 ± 0.6 3.5 ± 0.5 

d-TiO2_75 5.67 ± 0.05 21 ± 3.5 6.6 ± 0.1 80 ± 2 - - 

TiO2-Pt0.05 5.71 ± 0.06 91 ± 0.5 - - 5.7 ± 0.6 9 ± 1 

d-TiO2_20-Pt0.05 5.66 ± 0.03 85 ± 8 9.8 ± 0.7 9 ± 1.0 4.9 ± 0.3 6 ± 0.5 

d-TiO2_75-Pt0.05 5.49 ± 0.04 48 ± 2 7.53 ± 0.12 52 ± 2 - - 

d-TiO2_20-Pt0.1 5.58 ± 0.03 81 ± 8 7.6 ± 0.8 6 ± 1 4.8 ± 0.3 13 ± 1 

d-TiO2_20-Cu0.1 6.62 ± 0.04 72 ± 11 11.7 ± 0.4 9 ± 2 1.52 ± 0.08 8.5 ± 1 

d-TiO2_20-Pt0.1/Cu0.1 5.52 ± 0.03 83 ± 12 9.5 ± 0.6 8 ± 2 5.1 ± 0.3 8.5 ± 1 

 

The obtained results indicated that not so much the surface area but rather the 

presence of Ti defects and modification with metal nanoparticles caused the 

enhanced photoactivity of the obtained photocatalysts. Based on DR/UV-Vis 

analysis, it was found that the modification of defective d-TiO2 with Pt and Cu 

increased Vis light absorbance. The samples of defective TiO2 exhibited narrower 

bandgap of 2.7–2.9 eV compared to TiO2 and TiO2-Pt0.05 photocatalysts. Moreover, 

the deposition of Pt caused a more significant absorbance increment than the same 

modification with Cu species. The almost inactive in Vis light d-TiO2_75 sample, 

obtained by the hydrothermal process, after surface modification with 0.05 mol% of 

Pt, exhibited three-times higher photocatalytic activity. It could result from better 

charge carriers’ separation and decreasing the electron-hole recombination rate, 
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caused by both titanium defects and plasmon resonance properties of Pt. From the 

analysis of Mott–Schottky plot, the location of flat band energy (Efb) for bare TiO2 

and Pt modified d-TiO2 was determined. Modification of TiO2 resulted in the shift of 

the valence band and conduction band, as shown in Figure 11. The work function of 

Pt affects the location of the flat band potential of modified TiO2. The efficient 

charge carriers separation for defective TiO2-Pt photocatalyst in comparison with 

pure TiO2 enhance the ability of TiO2 to oxidize adsorbed species [P3]. 

 

Figure 11. The position of VB and CB of defective TiO2-Pt photocatalyst in 

comparison with pure TiO2 together with the indication of charge transfer within 

the Schottky junction and schematic mechanism of phenol degradation in the 

visible light range [P3].  

 

3.2. Design, synthesis and characterization of magnetic 

photocatalysts with core-shell structure.  

The reusability of the nanosemiconductor photocatalysts is still a major problem 

hindering practical application in industrial processes [106]. Compared to other 

methods, described in Chapter 2, magnetic core and the photocatalytic shell 

structure is the most promising for maintaining high photocatalytic activity 

resulting from the nanometric size of the particles and at the same time able to 

separate after the final purification process effectively. However, the stable structure 

is one of the most crucial issues regarding magnetic photocatalysts preparation. Two 
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different methods, ultrasonic-assisted sol-gel, as well as the microemulsion method, 

were used, in this study [P4, P5]. In the first one, described in [P4], each layer was 

precipitated separately in an ethanol solution. The homogeneity and the expected 

structure formation facilitation were provided by ultrasonication process. As a 

magnetic core, commercially available Fe3O4, with nominate particles diameter of 

about 50 nm (Sigma Aldrich) with a high saturation magnetization (90 Am2/kg) 

were used. Self-prepared TBT and TIP – from titanium n-butoxide and titanium 

isopropoxide hydrolysis, respectively, were used as TiO2 shell. Between magnetic 

and photocatalytic phases, an inert silica layer was introduced to avoid iron 

photoleaching. The effect of TiO2 matrix and molar ratio of TiO2 to Fe3O4 on 

photocatalytic activity and magnetic properties in the degradation of organic 

compounds was studied in detail [P4], and the obtained results are presented in 

Table 3. Simultaneously, magnetic Fe3O4/TiO2 photocatalysts, without silica 

interlayer were obtained for physicochemical and photocatalytic properties 

comparison.  

Table 3. Physicochemical and photocatalytic characteristic of Fe3O4/TiO2 and 

Fe3O4@SiO2/TiO2 obtained by the ultrasonic-assisted sol-gel method [P4]. 

Sample 
Fe3O4

/TiO2 

Fe3O4/ 

TEOS 

BET surface 

area [m2/g] 

Ms  

[Am2/kg] 

Degradation rate constant  

k [min-1]·10-2 Eg  

[eV] 
Phenol Pyridine 4-Heptanone 

Fe3O4/TiO2_1 1:1 - 16 18.2 1.01 0.18 1.36 1.8 

Fe3O4/TiO2_2 1:2 - 37 14.8 1.34 0.64 1.21 1.8 

Fe3O4/TiO2_3 1:4 - 79 7.5 3.02 0.26 2.10 1.9 

Fe3O4/TiO2_4 2:1 - 15 42.5 0.85 0.15 0.46 1.7 

Fe3O4@SiO2/TiO2_5 1:2 1:2 210 20.2 0.68 0.04 0.69 1.8 

Fe3O4@SiO2/TiO2_6 1:2 1:8 297 15.3 0.77 0.18 0.72 1.8 

Fe3O4@SiO2/TiO2_7 1:2 1:16 269 10.0 0.43 0.03 0.83 1.7 

The specific surface area of magnetic photocatalysts was mainly affected by TiO2 

particles and SiO2 introduced into the structure of the nanocomposites. The 

magnetic properties resulted from the magnetic phase content in the nanocomposite 

structure. The highest value of saturation magnetization (~42.5 emu/g) was observed 

for Fe3O4/TiO2_4 with the mass ratio of Fe3O4 to TiO2 equal 2:1. The introduction of 

the SiO2 layer between Fe3O4 and TiO2 resulted in the reduction of saturation 

magnetization (Ms) from about 20 emu/g to 10 emu/g. At the same time, the best 
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photocatalytic activity in reaction of phenol and 4-heptanone degradation revealed 

samples with the highest proportion of TiO2 to Fe3O4. Furthermore, based on the 

obtained physicochemical characteristics and photocatalytic activity results, the 

most suitable parameters corresponding to the amount of Fe3O4 to TiO2 and molar 

ratio of TEOS to Fe3O4 were selected. As presented in Table 4, the highest efficiency 

of organic pollutants degradation was noticed for magnetic photocatalysts obtained 

by deposition of TiO2 P25 on a magnetic core, which was applied in the further 

study [P7]. 

Table 4. Characteristic of Fe3O4@SiO2/TiO2 nanocomposites. The effect of TiO2 

matrix [P4]. 

Sample label 
Fe3O4/

TiO2 

TEOS/

Fe3O4 

BET surface 

area [m2/g] 

Degradation constant rate [min−1]·10-2 
Eg 

[eV] Phenol Pyridine 4-Heptanone 

P25 - - 55 4.78 0.87 0.77 3.15 

Fe3O4 - - 8 0.90 0.22 0.49 0.1 

Fe3O4@SiO2/TiO2_ST01 1:2 8:1 191 2.81 0.60 1.26 2.8 

Fe3O4@SiO2/TiO2_P25 1:2 8:1 124 4.60 0.85 1.98 3.15 

Fe3O4@SiO2/TiO2_TIP 1:2 8:1 163 1.00 0.44 0.78 1.9 

Fe3O4@SiO2/TiO2_TBT 1:2 8:1 297 0.77 0.18 0.72 1.8 

The sol-gel ultrasonic-assisted method of synthesis allowed for obtaining the 

series of magnetic photocatalysts with good photoactivity and determine the most 

favourable magnetite/silica/titanium(IV) oxide molar ratios. It also provides the 

core-shell structure formation. However, due to lack of possibility for controlling the 

preparation process, obtained nanocomposite was not entirely monodisperse, with 

thinner or thicker layers of SiO2 and TiO2 deposited on the magnetic core.  

In order to overcome the mentioned problem, in the next attempt, w/o 

microemulsion method was applied [P5]. In this system, the nanodroplets of 

aqueous phase are dispersed in a continuous oil phase, stabilized by the surfactant 

and co-surfactant at the w/o interface. Firstly, before starting synthesis, a series of 

zeta potential analysis for Fe3O4, SiO2 and TiO2 were performed, and the results are 

presented in Figure 12. After careful analysis, the formation of two compartments - 

below and above pH 7 could be noticed. In the alkaline environment, all of the 

tested materials were characterized by a negative zeta potential, which may indicate 
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their negatively surface charged. In the acidic environment, only SiO2 remains 

negatively charged, while for other components below the isoelectric point (IEP) 

around pH 6.5-7.5 the surface was positively charged. Therefore, it could be 

concluded, that the formation of stable core-shell structure between SiO2 and iron 

oxides or TiO2 could take place without additional stabilizing substances, such as 

surfactants, when the surface charge of two compounds is opposite [P6]. In such a 

system, particles attract to each other creating successive layers. However, at 

alkaline conditions, the stabilizing agent should be introduced to self-assembly of 

anionic silicates and cationic surfactant molecules, e.g. cetyltrimethylammonium 

bromide (CTAB) to form silica shell on a ferrite core. The cationic surfactant also 

effectively interacts with negatively charged titanium(IV) oxide species in alkaline 

media, resulting in the core-interlayer-shell structure of nanocomposite [P5, P6]. 

 

Figure 12. Zeta potential as a function of pH for Fe3O4, SiO2 and TiO2 

nanoparticles [P5]. 

As a confirmation of the presented thesis, two Fe3O4@SiO2/TiO2 magnetic 

photocatalysts were synthesized in water/cyclohexane/surfactant microemulsion 

system, in two pH ranges: at acidic (pH = 5) and alkaline (pH = 10) conditions. As 

photocatalyst, the commercial P25 (Evonik, a mixture of anatase (73-85 %), rutile 

(14-17 %) and amorphous phase (0-13 %), with BET surface area 50 m2/g [107]) was 

used. Cationic cetyltrimethylammonium bromide (CTAB) and t-
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octylphenoxypolyethoxyethanol (TX-100) were used as surfactants in pH = 10 and 5, 

respectively. Schematic illustration of used synthesis method is presented in Figure 

13, while the general characteristic of obtained nanocomposites is given in Table 5.  

 

Figure 13. Magnetic photocatalysts preparation procedure scheme at pH 10 (a) 

and pH 5 (b) in w/o microemulsion [P5]. 

Table 5. General characteristic of obtained Fe3O4@SiO2/TiO2 samples [P5]. 

Sample 

Preparation 

conditions 

BET 

surface 

area 

[m2/g] 

Ms  

[Am2/kg] 

Crystalline Size [nm] Phenol 

degradation 

[%] pH Surfactant Anatase Rutile Magnetite 

Fe3O4@SiO2/TiO2_1 5 TX-100 101 8 19 26 47 86 

Fe3O4@SiO2/TiO2_2 10 CTAB 95 7 19 24 45 82 

Both prepared magnetic photocatalysts revealed almost identical 

physicochemical and photocatalytic properties, which proves the effectiveness of the 

w/o microemulsion method with pH correction. The formation of the desired core-

shell structure was also confirmed with the use of the scanning transmission 

electron microscope (STEM) (see in Figure 14).  
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Figure 14. STEM images of Fe3O4@SiO2 (a) and Fe3O4@SiO2/TiO2 (b) combined 

with mappings of Ti, Fe and Si elements [P5].  

The efficiency of phenol degradation of Fe3O4@SiO2/TiO2 was comparable to the 

commercial nanosized TiO2 P25 (Evonik, Essen, Germany), which proves effective 

deposition of TiO2 P25 onto the magnetic core with the ability to easily separation of 

photocatalyst from the reaction system. Total organic carbon (TOC) analysis also 

revealed high mineralization. For Fe3O4@SiO2/TiO2_1 after 30 min. of irradiation, 

more than 90% of phenol was decomposed, and mineralization equaled 86%. Due to 

the undoubted advantage of the w/o microemulsion method over the ultrasonic-

assisted sol-gel method, the further synthesis of TiO2-based magnetic photocatalysts 

were carried out in w/o microemulsion system. Moreover, the presented methods of 

synthesis are protected by three Polish patents [P6].  
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3.3 TiO2-based magnetic photocatalysts active in Vis 

light range 

All TiO2-based magnetic photocatalysts consist of TiO2 photoactive shell. In order 

to increase the utilization of lower-energy light (Vis) provided by the Sun, the 

proposed in the works [P1-P3] modified titanium(IV) oxide photocatalysts were 

deposited on magnetite core resulting in the preparation of TiO2-based magnetic 

photocatalysts with core-shell structure, which are characterized by both Vis light 

activity and magnetic separability.  

For the first time, mono- and bimetal- modified titanium(IV) oxide 

photocatalysts of different polymorphic compositions loaded on magnetic core were 

obtained and studied in the photooxidation of phenol, acetic acid, and methanol 

dehydrogenation [P7]. The obtained by photodeposition method mono- and 

bimetallic TiO2 particles, described in detail in [P1] were deposited on Fe3O4@SiO2 

nanocomposite using microemulsion method at pH 10. Two different types of 

Fe3O4@SiO2 magnetic matrices were studied, marked as z2 and z3, differing by the 

adding order of TEOS and NH4OH. It was found that both z2 (sample obtained by 

adding NH4OH to TEOS), and z3 (sample obtained by addition of TEOS to NH4OH) 

are suitable for further modification, with almost the same efficiency towards acetic 

acid degradation and H2 generation.  

The photoabsorption properties of the prepared magnetic materials were 

compared with the previously obtained for metal-modified TiO2 samples. The light 

absorption edge in the ultraviolet region for nanocomposites was close to that of the 

pure TiO2 particles. After surface modification with Pt and Pt/Cu of TiO2, the light 

absorption of magnetic composites were extended in the range above 400 nm.  

The microscopy analysis confirmed the core-shell structure as well as the 

presence of platinum on the TiO2 surface. Magnetite particles with a size of about 50 

nm tended to agglomerate, which led to creating about 20 nm SiO2/TiO2 shell on the 

entire agglomerated surface. Pt nanoparticles of the average diameter smaller than 

10 nm were uniformly distributed on the TiO2 surface. Although the same content of 

platinum was used for modification, the surface content of platinum was almost 

three times higher in the magnetic bimetallic nanocomposite, which might suggest 
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that co-deposition of copper could result in the formation of larger nanoparticles 

compared to Pt-modified TiO2 nanoparticles.  

The photocatalytic activity of magnetic photocatalysts was compared with the 

photoactivity of TiO2 matrices. Higher efficiency of acetic acid decomposition was 

noticed for Fe3O4@SiO2 surface coated with TiO2 particles, which suggests that the 

obtained magnetic photocatalysts are more suitable for oxidation processes rather 

than reduction due to the development of the specific surface area of TiO2-SiO2 

photocatalytic layer compared to pure TiO2 particles. The obtained results were 

further confirmed in the reduction of 4-nitrophenol to 4-aminophenol as well as 

phenol oxidation reaction. Significantly higher photocatalytic activity in reaction of 

phenol degradation was observed for magnetic photocatalysts. However, the 

highest activity in  4-nitrophenol reduction to 4-aminophenol was noticed for TiO2 

FP6 nanoparticles.  

Furthermore, in work [P7] for the first time for metal-modified TiO2 matrices 

embedded on a magnetic core, quantum efficiency was determined in the phenol 

oxidation reaction under monochromatic irradiation in the range of 320-620 nm. 

Photocatalyst suspension in phenol solution at a concentration of 20 ppm was 

placed in a quartz cuvette and irradiated with monochromatic light at seven 

irradiation wavelengths: 320, 380, 440, 450, 500, 560 and 620 nm. The generation of 

BQ, as a phenol intermediate, was analyzed using the HPLC system and then 

calculated to quantum efficiency. The dependence of measured phenol degradation 

quantum efficiency on the irradiation wavelength is presented in Figure 15. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 

 
                 FACULTY OF CHEMISTRY 

 
 

 

 

 
 

~ 45 ~ 
 

 

Figure 15. Action spectra of phenol degradation for obtained TiO2-based 

photocatalysts in comparison with its DR-UV/Vis spectra [P7].  

High quantum efficiency in UV light range for magnetic photocatalysts was 

expected, because of previous research in [P4] and [P5]. Furthermore, its almost 

negligible value above 440 nm was also expected. However, in the range of 400-440 

nm, designated Fe3O4@SiO2/TiO2-M nanocomposites revealed higher photocatalytic 

activity, which confirms the possibility of their use in sunlight-driven photocatalytic 

processes.  

  

3.4 Application of Fe3O4@SiO2/TiO2 nanocomposites for 

degradation of persistent organic pollutants 

Persistent organic pollutants (POPs) are organic compounds that are resistant to 

environmental degradation through chemical, biological, and photolytic processes. 

Bio-accumulative potential, long-term residuality, high toxicity and not 

susceptibility to biodegradation are the main factors for classification of organic 

compounds to POPs [108]. This group primarily includes i.a. pesticides and 

herbicides, phenols, antibiotics and other pharmaceuticals.  
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3.4.1. Photodegradation of organic compounds present in flowback 

water 

Flowback water, produced in hydraulic fracturing, due to its high salinity, 

containing some of the fracking constituents which are toxic, resistant to 

degradation and cancerogenic (presented in Table 6) could also be included in the 

group of persistent organic pollutants.  

For a complete treatment of flowback water, a combination of chemical, 

biological and physical method is necessary. Photodegradation process in the 

presence of Fe3O4@SiO2/TiO2 nanocomposite was performed to remove the POPs, 

and in detail described in [P4]. Firstly, three model pollutants: phenol, pyridine and 

4-heptanone, presented in flowback water, were photodegraded separately, to 

determine the composition characterized by magnetic separation ability and high 

photocatalytic activity. Obtained results are presented in Figure 16. 

Table 6. Organic contaminants in flowback water, determined with the use of gas 

chromatography with mass spectrometry (GC-MS) analysis [P4]. 

Organic compound Quantity in flowback water [%] 

1,3,5-trimethylbenzene 1 

Toluene 0.3 

Butyl glycol 0.2 

Decahydronaphthalene 4 

1-bromo-3-methylcyclohexane 3 

Ethyl tert-butyl ether 1 

Pyridine 44 

2,3-dimethyl-decahydronaphthalene 2.5 

Benzaldehyde 0.3 

4-heptanone 4 

Phenol 1.1 

1,2-diisopropenyl-cyclobutane 6.9 

1,2-dimethyldiazene-1-oxide 28.7 

Oxalic acid, 6-ethyloct-3-yl isobutyl ester 3 

Model pollutants photodegradation confirmed susceptibility of flowback water 

individual components to photocatalytic decomposition. As a next attempt, a real 

sample of flowback water photodegradation in the presence of Fe3O4@SiO2/TiO2, 

where Fe3O4/TiO2 molar ratio was 1:2 and TEOS/Fe3O4 molar ratio: 8:1 was 
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performed. The sample was preliminarily coagulated and centrifuged in order to 

eliminate the suspended solid particles. Obtained results, presented as TOC 

removal, together with major physicochemical characteristic of flowback water is 

given in Figure 17. 

 
 

  

 

 

 

 

Figure 16. Degradation of phenol (a), 4-heptanone (b) and pyridine (c) with 

magnetic TiO2-based photocatalysts under UV-Vis irradiation [P4]. 
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Figure 17. Flowback water photodegradation under UV-Vis irradiation in the 

presence of Fe3O4@SiO2/TiO2 nanocomposite, together with flowback water 

physicochemical parameters [P4].  

 

After 180 min of irradiation in UV-Vis light, the reduction of TOC in the 

flowback real sample was about 15%. Therefore, for degradation efficiency 

increasing, the photocatalytic process should be combined with the biological 

treatment method. 

3.4.2. Photodegradation of carbamazepine 

As the final stage of the presented study, the photocatalytic degradation of 

selected pharmaceutical – carbamazepine – was investigated. In literature, the 

combination of phrases “photocatalysis & pharmaceuticals” from one year to 

another is increasing, as it could be seen in Figure 18. About 20 % of those works 

apply to photodegradation of carbamazepine (CBZ), antiepileptic and psychotropic 

drug, the most often pharmaceutical detected in wastewaters and, for this reason, 

chosen as possible anthropogenic water system marker [109 – 111]. CBZ is also 

insusceptible to biological degradation, which makes photocatalysis one of few 

suitable methods for its removal from wastewaters. 
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Figure 18. The number of scientific articles in the Scopus database for the 

keywords “photocatalysis & pharmaceuticals” and “photocatalysis & 

carbamazepine”. Stats for the year 2020 were up to July. 

Extensive research is devoted mainly to TiO2 photocatalytic oxidation. However, 

there are still no complementary works on CBZ degradation showing the influence 

of simultaneous use of various parameters (e.g., photocatalyst loading, irradiation 

flux, and pH) on contamination deterioration. 

The first attempt of carbamazepine photodegradation in the presence of TiO2-

based magnetic photocatalysts was described in P5. It was found that 

Fe3O4@SiO2/TiO2 core-shell photocatalyst, where TiO2 was commercially available 

P25, as well as other core-shell composites with different magnetic iron oxides as 

cores, i.e. CoFe2O4 and BaFe12O19, are suitable for almost complete CBZ 

mineralization. In the last part of PhD dissertation as the photocatalyst, 

Fe3O4@SiO2/d-TiO2-Pt was used, with Ti vacancies in TiO2 structure, which 

physicochemical and photocatalytic properties were in detail discussed in [P2] and 

[P3].  

In order to determine the optimum environment for the most effective CBZ 

photodegradation, six different parameters: photocatalyst loading, pH, aeration, 

temperature, irradiation intensity (flux) and addition of auxiliary oxidant (30% H2O2 

solution) were studied, which were varied on 4 or 5 different levels, based on the 
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central composite design (CCD). Detailed information about factors and their levels 

are presented in Table 7. Series of 79 measurements of carbamazepine 

photodegradation were performed with 3 different processes in factor 0 point, for 

estimating the experimental error. Additionally, a series of dark and photolysis 

reactions in order to verify CBZ stability and adsorption possibility. 

Table 7. Investigated factors and their levels. 

Factor 
Coded levels and their values 

-a -1 0 1 a 

photocatalyst loading [g/dm3] 0.25 0.5 1 1.5 2 

temperature [°C] 10 20 25 30 40 

flux [mW/cm2] 30 35 45 60 70 

pH 3 5 7 9 11 

aeration [dm3/h] 0 0 3 4 7 

H2O2 addition [mg/dm3] 0 0 26.5 46.6 63.6 

Commonly in the literature, the effect of various parameters on carbamazepine 

degradation efficiency is considered separately for each parameter [112, 113]. In the 

present study, all six factors were tested at the same time, allowing not only to 

determine the CBZ photodegradation efficiency, but also interactions between 

factors itself. The most significant impact on both CBZ removal as well as total 

organic carbon (TOC) mineralization was revealed by the combination of pH 

together with H2O2 addition, as presented in Pareto charts (Figure 18 a-b). 
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Figure 18. Calculated effect of included terms on carbamazepine removal (a) and 

TOC mineralization (b). 

Since it was expected that pH should affect TiO2 reactivity and its interactions 

with the organic species [114 – 116], further analyses were performed inside 

different pH regions. The summary of the obtained models is presented in Table 8. 

The terms included higher in the table are more significant and sign next to them 

indicate their effect on the response when shifted toward higher levels ((+) means a 

positive impact on CBZ and TOC removal, (-) – negative). 

Decreasing pH from 7 resulted in more factors affecting both CBZ degradation 

and mineralization. Also, H2O2 addition became more significant than in neutral or 

alkaline conditions. Interestingly, the constant trend to inhibit TOC removal when 

increasing photocatalyst content in the system was observed, which was present 

throughout the whole pH range, while the negligible effect was noticed for removal 

of CBZ itself. It is also noticeable that flux intensity or its interactions became more 

significant in the alkaline conditions, while they are not present or relatively less 

important in pH ≤ 7. 

The intermediate compounds identified during the photodegradation process are 

acridine, acridone, hydroxy-carbamazepine, 10,11-dihydro-dihydroxy-

carbamazepine and acridone-hydroxide using HPLC/DAD and LC-TOFMS systems. 
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The hydroxy-carbamazepine (OH-CBZ) and acridine (AC) were detected in most of 

the analysed samples. Meanwhile, an acridone (ACD) was found as a by-product of 

the photocatalytic reaction proceeded at alkaline conditions.  

Table 8. The comparison of terms' significance obtained in different pH regions 

for CBZ and TOC removal. 

Response Effect Whole pH range pH < 7 pH = 7 pH > 7 

CBZ 

removal 

Significant pH (-) 

H2O2 (+) 

pH·H2O2 (-) 

pH2 (+) 

Flux (+) 

Temp. (+) 

H2O22 (+) 

H2O2 (+) 

Cat.load (-) 

Flux (+) 

Temp (+) 

Flux·O2 (-) 

Cat.load·Temp 

(+) 

Temp (+) 

H2O22 (+) 

Flux (+) 

O2·H2O2 (+) 

Possible Cat.load (-) 

Cat.load·Temp (+) 

Cat.load·O2 (-) - Temp·O2 (-) 

TOC 

removal 

Significant pH (-) 

Cat.load (-) 

H2O2 (+) 

pH·H2O2 (-) 

O2·pH (-) 

Flux (+) 

O2·H2O2 (-) 

H2O2 (+) 

Cat.load (-) 

O2 (+) 

O2·H2O2 (-) 

Cat.load (-) 

H2O2 (+) 

Cat.load (-) 

Cat.load·Temp 

(+) 

Flux·H2O2 (-) 

Possible - Temp·H2O2 (+) 

Flux (+) 

Temp. (+) - 

Furthermore, to better understand the mechanism of carbamazepine 

photodegradation, the photocatalytic activity analyses were performed in the 

presence of scavengers. The holes (h+), hydroxyl radicals (˙OH), superoxide radical 

anion (˙O2−) are the probable reactive oxygen species taking part in the 

photodegradation of carbamazepine. Results of the photocatalytic degradation in 

the presence of e−, h+, ˙O2− and ˙OH scavengers showed that both e- and ˙O2- play an 

important role in the photodegradation process. However, the efficiency of 

carbamazepine degradation was not influenced by the presence of oxalic acid used 

as h+ scavenger. Therefore, it can be assumed that h+ had little effect on 

photodegradation, as a result of their trapping inside the defective structure of TiO2. 
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It is in agreement with the study made by Morgan and Watson, who have predicted 

hole trapping on the O sites surrounding the VTi defect [117].  

The proposed photodegradation pathway is presented in Figure 19. The 

transformation of carbamazepine is initiated by reactive oxygen species attack 

(mainly ˙O2−) leading to epoxide and hydroxy-carbamazepine intermediates. 

Acridine formation was the limiting step of photodegradation of carbamazepine 

process in a wide spectrum of pH. Likewise, acridone formation was observed in 

alkaline conditions. Further decomposition of acridone and acridine leads to 

forming of simple aromatic and chain compounds and, finally, to carbon(IV) oxide 

and water. 
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Figure 19. Scheme of possible carbamazepine degradation pathways through 

photooxidation process’. Confirmed intermediates are marked in red. 
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Chapter 4 

Conclusions 

The results obtained during the research included in the scope of the PhD thesis 

refer to the preparation of novel photocatalytic materials that are active in UV and 

visible light and possess an important property of separation in the magnetic field 

that can be used for oxidizing persistent organic pollutants. 

 
The novelty of the presented dissertation could be summarized in the following 

statements: 
a. Regarding the preparation of TiO2 photocatalysts with titanium defects by a 

simple hydrothermal reaction in the oxidative environment: 

• Demonstrating the effect of oxidant type (HNO3, HIO3, H2O2) and its 

concentration in the reaction environment on titanium defects formation, 

physicochemical properties and photocatalytic activity in Vis light. 

• Demonstrating the effect of calcination temperature on photocatalytic 

activity and anatase to rutile temperature transition. 

b. Regarding the preparation of TiO2 modified with mono- and bimetal Pt/Cu 

nanoparticles: 

• Determining the effects of the type and size of the TiO2 particles on the 

physicochemical properties and activity of photocatalysts modified with 

mono- and bimetallic particles in oxidation and reduction reactions. 

• Demonstrating the effect of metal type and amount on the 

physicochemical properties and photocatalytic activity. 

• Demonstrating the significance of superoxide anion radicals and electrons 

in the mechanism of phenol degradation. 

c. Regarding the synthesis of TiO2-based magnetic photocatalysts with core-shell 

structure: 

• Design of universal w/o microemulsion method for core-shell 

photocatalysts’ synthesis based on zeta potential measurements and surface 

charge functionalization.  
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• Demonstrating the effects of the TiO2 type and TiO2: SiO2: Fe3O4 molar ratio 

on the photocatalytic and magnetic properties of the resulting 

photocatalysts. 

d. Regarding the preparation of TiO2-based magnetic photocatalysts with the 

general formula Fe3O4@SiO2/TiO2-M, where M is Pt, Cu or Pt/Cu nanoparticles: 

• Obtained nanocomposites are characterized by both magnetic separability 

and visible light activity. 

• The obtained magnetic photocatalysts did not negatively influence the 

photocatalytic performance, as reported for immobilized photocatalysts. 

• Demonstrating the significance of superoxide anion radicals and electrons in 

the mechanism of phenol degradation. 

• Demonstrating the effect of irradiation wavelength on the efficiency of 

phenol degradation – action spectrum analysis. 

• Demonstrating the stability of magnetic photocatalysts and their reusability. 

e. Regarding the degradation of persistent organic pollutants: 

• Demonstrating the possibility of using the photocatalytic method to degrade 

organic compounds present in flowback water, that are not susceptible to 

biological degradation. 

• Demonstrating that the obtained magnetic photocatalysts did not negatively 

influence the photocatalytic performance, as reported for immobilized 

photocatalysts. 

• Optimization of carbamazepine photodegradation in the presence of 

magnetic Fe3O4@SiO2/TiO2-Pt nanocomposite with a simultaneous 

designation of a quadratic model with 2-factor interactions of 6 parameters 

(pH, temperature, flux intensity, catalyst loading, aeration and H2O2 

addition) varied on 4-5 levels. 

The proposed w/o microemulsion synthesis method, based on the difference in 

the surface charges of individual substrates, leads to the formation of the core-shell 

structure, with magnetic core, photocatalytic shell and inert interlayer. Creation of 

assumed structure has been confirmed by several studies, including STEM, EDX, 

XPS analysis and the study of magnetic properties. Stability of obtained structures 

was tested during a series of successive cycles of phenol photodegradation. 

Fe3O4@SiO2/TiO2 magnetic nanocomposites were characterized by an almost 
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invariable photocatalytic activity, which may indicate the possibility of their use 

after separation in the magnetic field.  

By applying the photodeposition method for the surface modification of TiO2, 

and afterwards the w/o microemulsion method, it was possible to successfully 

obtain the magnetic nanocomposites Fe3O4@SiO2/TiO2-M, where M is Pt, Cu or a 

bimetallic Pt/Cu system. Their application has a positive effect on photocatalytic 

activity increasing in both oxidation (methanol dehydrogenation, phenol 

degradation) and reduction (acetic acid to CO2 conversion, 

nitrophenol/aminophenol conversion) reactions. Furthermore, the quantum 

efficiency analysis showed a higher photocatalytic potential of bimetallic 

nanocomposites comparing to monometallic at wavelengths λ < 450 nm, which 

proves the positive correlation between platinum and copper on the TiO2 surface.  

All presented results were published in JCR-listed journals from the chemistry 

discipline. Three patents on the preparation method of a multilayer magnetic could 

provide a basis for future commercialization of the results.  
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Chapter 5 

Publications 

1. Mono- and bimetallic (Pt/Cu) titanium(IV) oxide 

photocatalysts. Physicochemical and photocatalytic data 

of magnetic nanocomposites’ shell 

 

Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho Ohtani, 

Anna Zielińska-Jurek 

Data in Brief 31 (2020) 105814 

DOI: 10.1016/j.dib.2020.105814 

P1 
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2. Preparation and Characterization of Defective TiO2. The 

Effect of the Reaction Environment on Titanium 

Vacancies Formation 

 

 

Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski, Jacek 

Ryl, Anna Zielińska-Jurek 

Materials 13 (2020) 2763 

DOI: 10.3390/ma13122763 
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Ag2O/TiO2 Heterojunction. ChemEngineering. 3 (2019) 3, 5 points 

[2] Z. Bielan, A. Zielińska-Jurek, Magnetyczne fotokatalizatory na bazie TiO2 do 

degradacji zanieczyszczeń organicznych w fazie wodnej, Chapter in post-

conference monography: Problematyka z zakresu nauk o środowisku – przegląd i 

badania. Lublin 2019. ISBN 978-83-65932-93-8 

 

Conferences 

[1] Z. Bielan, I. Wysocka, J. Strychalska, M. Janczarek, J. Hupka, A. Zielińska-Jurek, 

Preparation and characterization of magnetic TiO2 nanoparticles and their 

utilization for the degradation of organic pollutants in water, The 3rd International 

Conference on Photocatalytic and Advanced Oxidation Technologies for Treatment of 

Water, Air, Soil and Surfaces (PAOT-3), 1-4 September 2015, Gdansk, Poland, 

poster 

[2] A. Zielińska-Jurek, I. Wysocka , Z. Bielan, , J. Strychalska-Nowak, J. Hupka, 

Magnetic semiconductor photocatalysts for the degradation of recalcitrant 

chemicals form flow back water, European Conference on Environmental 

Applications of Advanced Oxidation Process, 21-24 October 2015, Athens, Greece, 

oral speech 

[3] Z. Bielan, A. Zielińska-Jurek, J. Hupka, Magnetic and photocatalytic properties of 

Fe3O4/TiO2 nanocomposites, The XI Summer School for Postgraduate Students and 

Young Researches „Interfacial phenomena in theory and practise”, 19-24 June 2016, 

Rybaki near Kościerzyna, Poland, oral speech 
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[4] Z. Bielan, A. Zielińska-Jurek, J. Hupka, J-TiO2 and Fe3O4/J-TiO2 photocatalysts 

and their environmental applications, 13th International Symposium on Catalysis, 

19-23 September 2016, Siófok, Hungary, poster 

[5] Z. Bielan, A. Zielińska-Jurek, Photocatalytical degradation of organic pollutants 

from flow back water, The XII Summer School for Postgraduate Students and Young 

Researchers „Interfacial Phenomena in Theory and Practice”, 25-30 June 2017, Rybaki 

near Kościerzyna, Poland, oral speech 

[6] I. Wolak, Z. Bielan, A. Zielińska-Jurek, Application of Magnetic Spinel Ferrites 

Modified by TiO2 for Degradation of Pharmaceuticals, The XII Summer School for 

Postgraduate Students and Young Researchers „Interfacial Phenomena in Theory and 

Practice”, 25-30 June 2017, Rybaki near Kościerzyna, Poland, poster 

[7] S. Dudziak, Z. Bielan, A. Zielińska-Jurek, Characterization of Hexagonal Ferrites 

Modified with TiO2 and their Application in Heterogeneous Photocatalysis, The 

XII Summer School for Postgraduate Students and Young Researchers „Interfacial 

Phenomena in Theory and Practice”, 25-30 June 2017, Rybaki near Kościerzyna, 

Poland, poster 

[8] A. Zielińska-Jurek, I. Wysocka, Z. Bielan, P. Jurek, A. Hänel, J. Hupka, 

Investigation on Photocatalytic Degradation of Selected Pollutants Using Bench-

Scale Reactors, The 2nd International Conference on New Photocatalytic Materials for 

Environment, Energy and Sustainability (NPM-2), 3-6 July 2017, Ljubljana, Slovenia, 

oral speech 

[9] A. Zielińska-Jurek, I. Wysocka, Z. Bielan, P. Jurek, J. Hupka, New Photocatalysts 

for Environmentally Friendly Recycling of Water in the Production of 

Hydrocarbons, The 2nd International Conference on New Photocatalytic Materials for 

Environment, Energy and Sustainability (NPM-2), 3-6 June 2017, Ljubljana, 

Slovenia, poster 

[10] A. Zielińska-Jurek, Z. Bielan, I. Wysocka, S. Dudziak, I. Wolak, Magnetic 

photocatalysts for water treatment, Symposium on Nanomaterials for Environmental 

Purification and Energy Conversion (SNEPEC), 20-21 February 2018, Sapporo, 

Japan, oral speech 
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[11] A. Zielińska-Jurek, Z. Bielan, S. Dudziak, I. Wolak, J. Hupka, Design, 

preparation and characterization of magnetic photocatalysts, 3rd International 

Symposium on Energy and Environmental Photocatalytic Materials (EEPM-3), 15-19 

May 2018, Kraków, Poland, oral speech 

[12] Z. Bielan, Z. Sobczak, A. Zielińska-Jurek, Preparation and characterization of 

core-interlayer-shell magnetic photocatalysts for degradation of organic 

pollutants, 3rd International Symposium on Energy and Environmental Photocatalytic 

Materials (EEPM-3), 15-19 May 2018, Kraków, Poland, poster 

[13] Z. Bielan, S. Dudziak, I. Wolak, Z. Sobczak, A. Zielińska-Jurek, A magnetically 

recoverable photocatalyst prepared by supporting TiO2 nanoparticles on a 

ferromagnetic oxide core@silica shell composite, The XIII Summer School for 

Postrgraduate Students and Young Researches „Interfacial Phenomena in Theory and 

Practice”, 25-29 June 2018, Rybaki near Kościerzyna, Poland, oral speech 

[14] Z. Bielan, A. Zielińska-Jurek, E. Kowalska, TiO2-based magnetic 

nanocomposites with core-shell structure, 9th CSE Summer School, 14-15 July 

2018, Sapporo, Japan, poster 

[15] Z. Bielan, I. Wolak, A. Zielińska-Jurek, A magnetically recoverable 

photocatalyst prepared by supporting TiO2 nanoparticles on a ferromagnetic 

oxide core@silica shell composite, Pre-conference of TOCAT8 and the 5th 

International Symposium of Institute for Catalysis (ICAT), 3-4 August 2018, Sapporo, 

Japan, poster 

[16] Z. Bielan, E. Kowalska, A. Zielińska-Jurek, TiO2-based magnetic 

nanocomposites with core-shell structure, CSE International Student Symposium 

2018, 27 August 2018, Sapporo, Japan, poster 

[17] Z. Bielan, A. Zielińska-Jurek, Otrzymywanie i charakterystyka 

nanokompozytów o właściwościach magnetycznych i fotokatalitycznych, IX 

Kongres Technologii Chemicznej (TECHEM IX), 3-7 September 2018, Gdańsk, 

Poland, poster 
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[18] Z. Bielan, A. Zielińska-Jurek, B. Ohtani, E. Kowalska, Titania-based magnetic 

nanocomposites with core-shell structure, 第24回シンポジウム「光触媒反応の最

近の展開」(24th Symposium “Recent technical solutions in the field of photocatalysis”), 

30 November 2018, Tokyo, Japan, poster 

[19] Z. Bielan, A. Zielińska-Jurek, Magnetyczne fotokatalizatory na bazie TiO2 do 

degradacji zanieczyszczeń organicznych w fazie wodnej, Ogólnopolska Konferencja 

Naukowa „Ochrona Środowiska – Rozwiązania i Perspektywy”, 17 May 2019, Lublin, 

Poland, oral speech 

[20] Z. Bielan, E. Kowalska, B. Ohtani, A. Zielińska-Jurek, Magnetically separable 

and visible light active photocatalysts for effective pollutants degradation, 6th 

European Conference on Environmental Applications of Advanced Oxidation Processes 

(EAAOP-6), 26-30 June 2019, Portoroz, Slovenia, oral speech 

[21] A. Zielińska-Jurek, S. Dudziak, Z. Bielan, A. Sulowska, I. Malinowska, I. 

Wysocka, Magnetic photocatalysts for water treatment, 6th European Conference 

on Environmental Applications of Advanced Oxidation Processes (EAAOP-6), 26-30 

June 2019, Portoroz, Slovenia, oral speech 

[22] S. Dudziak, Z. Bielan, A. Sulowska, A. Zielińska-Jurek, Kinetics and 

degradation pathways of carbamazepine. A comparative study using visible 

light active TiO2 photocatalysts, 6th European Conference on Environmental 

Applications of Advanced Oxidation Processes (EAAOP-6), 26-30 June 2019, Portoroz, 

Slovenia, poster 

 

Patents 

[1] A. Zielińska-Jurek, Z. Bielan, Sposób otrzymywania fotokatalizatora 

magnetycznego wielowarstwowego, 2019. No: PL. 233343 

[2] A. Zielińska-Jurek, Z. Bielan, Sposób otrzymywania fotokatalizatora 

magnetycznego wielowarstwowego, 2019. No: PL. 233344 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 
 

 
 

 
                 FACULTY OF CHEMISTRY 

 
 

 

 

 
 

~ 249 ~ 
 

[3] A. Zielińska-Jurek, Z. Bielan, Sposób otrzymywania fotokatalizatora 

magnetycznego wielowarstwowego, 2019. No: PL. 233345 

 

Internships 

July – December 2018: Hokkaido University, Institute for Catalysis (ICAT), 

Photocatalytic Research Division, Sapporo, Japan, supervisor prof. Ewa 

Kowalska – funded by the PO WER program. 

 

Scholarships 

2017-20 The National Centre for Research and Development Scholarship for 

Interdisciplinary, International PhD Studies (the PO WER 3.2 program) 

2016-17 Pro-quality Scholarship for best PhD Students 

2015-16 Gdańsk University of Technology Rector’s Scholarship for best PhD 

Students 

 

Awards 

[1] Award for the presentation during The XII Summer School for Postgraduate 

Students and Young Researchers "Interfacial Phenomena in Theory and Practice"; 25-30 

June 2017; Rybaki near Kościerzyna, Poland 

[2] Award in the 13th Poland National Competition “Student-Inventor 2018” 
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[3] Gold medal for the invention: Method of obtaining a layered magnetic 

photocatalyst during the International Warsaw Invention Show (IWIS); 15-17 

October 2018; Warsaw, Poland 
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Co-authors’ statements of contribution 
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mgr inż. Zuzanna Bielan 

Department of Process Engineering  

and Chemical Technology 

Faculty of Chemistry 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      September 1, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of my PhD 

dissertation in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta 

Strychalska, Marcin Janczarek, Tomasz Klimczuk, Magnetic semiconductor 

photocatalysts for the degradation of recalcitrant chemicals from flow back 

water, Journal of Environmental Management. 195 (2017) 157; 

In the above study I have prepared Fe3O4/TiO2 and Fe3O4@SiO2/TiO2 samples with 

different Fe3O4/TiO2 and Fe3O4/SiO2 molar ratios, characterized obtained 

photocatalysts with use of XRD, BET surface area and DR-UV/Vis spectroscopy 

analysis as well as investigate the photocatalytic activity in degradation of pyridine, 

phenol and 4-heptanone under UV-Vis irradiation. 

• Anna Zielińska-Jurek, Zuzanna Bielan, Szymon Dudziak, Izabela Wolak, 

Zuzanna Sobczak, Tomasz Klimczuk, Grzegorz Nowaczyk, Jan Hupka, 

Design and Application of Magnetic Photocatalysts for Water Treatment. 
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The Effect of Particle Charge on Surface Functionality, Catalysts. 7 (2017) 

360; 

In the above study I have prepared the Fe3O4-based magnetic photocatalysts 

samples and was co-responsible with other authors for their physicochemical and 

photocatalytic analysis. 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide core-shell photocatalysts with UV/Vis light activity and magnetic 

separability, Catalysis Today. (2020); doi: 10.1016/j.cattod.2020.05.034; 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide photocatalysts. Physicochemical and photocatalytic data of magnetic 

nanocomposites’ shell, Data in Brief. 31 (2020) 105814; 

In the above studies I have designed and conducted the experiments (photocatalysts 

preparation, XRD, DR-UV/Vis, BET surface area analysis as well as photocatalytic 

activity measurements), analyzed the data and wrote the manuscripts.  

• Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Daniel Pelczarski, 

Jacek Ryl, Anna Zielińska-Jurek, Preparation and characterization of 

defective TiO2. The effect of the reaction environment on titanium vacancies 

formation, Materials. 13 (2020) 2763; 

• Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Jacek Ryl, Anna 

Zielińska-Jurek, Defective TiO2 Core-Shell Magnetic Photocatalyst Modified 

with Plasmonic Nanoparticles for Visible Light-Induced Photocatalytic 

Activity, Catalysts. 10 (2020) 672; 

In the above studies I have obtained and characterized three series of defective 

photocatalysts, investigated their photocatalytic activity under UV-Vis and Vis light 

and wrote the manuscripts.  

• Anna Zielińska-Jurek, Zuzanna Bielan, Sposób otrzymywania 

fotokatalizatora magnetycznego warstwowego, Polish Patent No. PL. 233343, 

PL. 233344, PL. 233345 (2019) 
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In the above studies I have prepared the literature review, wrote the part of patent 

applications and took part in laboratory research on layered magnetic 

photocatalysts formation. 

 

 

       mgr inż. Zuzanna Bielan 
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prof. dr hab. inż. Jan Hupka 

Department of Process Engineering 

and Chemical Technology 

Faculty of Chemistry 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      July 7, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta 

Strychalska, Marcin Janczarek, Tomasz Klimczuk, Magnetic semiconductor 

photocatalysts for the degradation of recalcitrant chemicals from flow back 

water, Journal of Environmental Management. 195 part 2 (2017) 157-165; 

In the above study I have reviewed the manuscript.  

 

 

prof. dr hab. inż. Jan Hupka 
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dr hab. inż. Marcin Janczarek 

Institute of Chemical Technology  

and Engineering 

Faculty of Chemical Technology 

Poznan University of Technology 

Berdychowo 4 

60-965 Poznań, Poland 

 

      May 26, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta 

Strychalska, Marcin Janczarek, Tomasz Klimczuk, Magnetic semiconductor 

photocatalysts for the degradation of recalcitrant chemicals from flow back 

water, Journal of Environmental Management. 195 part 2 (2017) 157-165; 

In the above study I have performed the XRD analysis.  

 

 

      dr hab. inż. Marcin Janczarek 
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dr inż. Izabela Wysocka 

Department of Process Engineering  

and Chemical Technology 

Faculty of Chemistry 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      June 22, 2020 

 

Statement of contribution 

 

I hereby certify that my contribution to the article: 

Anna Zielińska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta Strychalska, Marcin 

Janczarek, Tomasz Klimczuk, Magnetic semiconductor photocatalysts for the 

degradation of recalcitrant chemicals from flow back water, Journal of Environmental 

Management. 195 part 2 (2017) 157-165; includes: 

• Preparation of four samples Fe3O4@SiO2/TiO2 with different TiO2 matrix – 

commercial TiO2 P25 and ST-01, TiO2 obtained via titanium butoxide and 

titanium isopropoxide hydrolysis,  

• Characterization of the photocatalysts: crystal structure and phase composition, 

BET surface area and absorption properties analysis 

• Investigation of the photocatalytic activity in degradation of pyridine, phenol 

and 4-heptanone under UV-Vis irradiation. 

 

dr inż. Izabela Wysocka 
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mgr inż. Judyta Strychalska-Nowak 

Department of Solid State Physics 

Faculty of Applied Physics and 

Mathematics 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

 

        July 21, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta 

Strychalska, Marcin Janczarek, Tomasz Klimczuk, Magnetic semiconductor 

photocatalysts for the degradation of recalcitrant chemicals from flow back 

water, Journal of Environmental Management. 195 part 2 (2017) 157-165; 

In the above study I have performed hysteresis loops measurements, drawn the 

hysteresis loops graphs and helped with analysis of those results. 

 

mgr inż. Judyta Strychalska-Nowak 
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mgr inż. Szymon Dudziak 

Department of Process Engineering  

and Chemical Technology 

Faculty of Chemistry 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      May 21, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Szymon Dudziak, Izabela Wolak, 

Zuzanna Sobczak, Tomasz Klimczuk, Grzegorz Nowaczyk, Jan Hupka, 

Design and Application of Magnetic Photocatalysts for Water Treatment. 

The Effect of Particle Charge on Surface Functionality, Catalysts. 7 (2017) 

360; 

In the above study I have synthesized barium hexaferrite particles and was co-

responsible with other authors for their physicochemical analysis and further 

surface modification with silica and TiO2 layers. 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide core-shell photocatalysts with UV/Vis light activity and magnetic 

separability, Catalysis Today. (2020) doi: 10.1016/j.cattod.2020.05.034; 
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• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide photocatalysts. Physicochemical and photocatalytic data of magnetic 

nanocomposites’ shell, Data in Brief. 31 (2020) 105814; 

In the above studies I have performed statistical analysis of the Cu and Pt 

modification on the photocatalytic activity of different TiO2 species, together with 

their deposition on the surface of various magnetite particles. I have prepared 

relevant figures and wrote initial data interpretation, including interactions between 

all factors. 

• Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski, 

Jacek Ryl, Anna Zielińska-Jurek, Preparation and characterization of 

defective TiO2. The effect of the reaction environment on titanium vacancies 

formation, Materials. 13 (2020) 2763; 

• Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna 

Siuzdak, Jacek Ryl, Anna Zielińska-Jurek, Defective TiO2 Core-Shell 

Magnetic Photocatalyst Modified with Plasmonic Nanoparticles for Visible 

Light-Induced Photocatalytic Activity, Catalysts. 10 (2020) 672; 

In the above studies I was co-responsible for the synthesis of the defective TiO2 

particles in different calcination temperatures and have also contributed to the data 

interpretation and the planning of electron paramagnetic resonance and x-ray 

photoelectron spectroscopy studies in order to confirm the structure of the 

photocatalyst. 

 

       mgr inż. Szymon Dudziak 
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mgr inż. Zuzanna Ryżyńska 

Department of Solid State Physics 

Faculty of Applied Physics and  

Mathematics 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      May 22, 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Szymon Dudziak, Izabela Wolak, 

Zuzanna Sobczak, Tomasz Klimczuk, Grzegorz Nowaczyk, Jan Hupka, 

Design and Application of Magnetic Photocatalysts for Water Treatment. 

The Effect of Particle Charge on Surface Functionality, Catalysts. 7 (2017) 

360; 

In the above study I have performed hysteresis loops measurements, drawn the 

hysteresis loops graphs and helped with analysis of those results. 

 

 

       mgr inż. Zuzanna Ryżyńska 
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mgr inż. Izabela Malinowska 

Department of Process Engineering  

and Chemical Technology 

Faculty of Chemistry 

Gdansk University of Technology 

Gabriela Narutowicza 11/12 

80-233 Gdańsk, Poland 

 

      May, 24 2020 

 

Statement of contribution 

 

I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Anna Zielińska-Jurek, Zuzanna Bielan, Szymon Dudziak, Izabela Wolak, 

Zuzanna Sobczak, Tomasz Klimczuk, Grzegorz Nowaczyk, Jan Hupka, 

Design and Application of Magnetic Photocatalysts for Water Treatment. 

The Effect of Particle Charge on Surface Functionality, Catalysts. 7 (2017) 

360; 

In the above study I have prepared the cobalt spinel ferrites photocatalysts and 

characterized their physicochemical properties. 
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I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide core-shell photocatalysts with UV/Vis light activity and magnetic 

separability, Catalysis Today. (2020) doi: 10.1016/j.cattod.2020.05.034; 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide photocatalysts. Physicochemical and photocatalytic data of magnetic 

nanocomposites’ shell, Data in Brief. 31 (2020) 105814; 

In the above study I have performed the XPS analysis and prepared XPS figures.  
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I have contributed to the publications which constitute a part of the PhD dissertation 

of mgr inż. Zuzanna Bielan in the following way: 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide core-shell photocatalysts with UV/Vis light activity and magnetic 

separability, Catalysis Today. (2020) doi: 10.1016/j.cattod.2020.05.034; 

• Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho 

Ohtani, Anna Zielińska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) 

oxide photocatalysts. Physicochemical and photocatalytic data of magnetic 

nanocomposites’ shell, Data in Brief. 31 (2020) 105814; 

In the above study I have provide the research resources and supervised the 

research conducted in the Institute of Catalysis (ICAT).  
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of mgr inż. Zuzanna Bielan in the following way: 

• Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski, 

Jacek Ryl, Anna Zielińska-Jurek, Preparation and characterization of 

defective TiO2. The effect of the reaction environment on titanium vacancies 

formation, Materials. 13 (2020) 2763; 

• Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna 

Siuzdak, Jacek Ryl, Anna Zielińska-Jurek, Defective TiO2 Core-Shell 

Magnetic Photocatalyst Modified with Plasmonic Nanoparticles for Visible 

Light-Induced Photocatalytic Activity, Catalysts. 10 (2020) 672; 

In the above studies I have prepared a series of defective TiO2 in the presence of 

iodic acid as an oxidizing agent, performed their characterization (XRD analysis, 

UV-Vis spectra, BET surface area analysis, photocatalytic activity) and prepared 

some figures. 
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I have contributed to the publications which constitute a part of the PhD dissertation 
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• Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski, 

Jacek Ryl, Anna Zielińska-Jurek, Preparation and characterization of 

defective TiO2. The effect of the reaction environment on titanium vacancies 

formation, Materials. 13 (2020) 2763; 

In the above study I have performed the photoluminescence (PL) spectra analysis. 
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I have contributed to the publications which constitute a part of the PhD dissertation 
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• Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski, 

Jacek Ryl, Anna Zielińska-Jurek, Preparation and characterization of 

defective TiO2. The effect of the reaction environment on titanium vacancies 

formation, Materials. 13 (2020) 2763; 

• Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna 

Siuzdak, Jacek Ryl, Anna Zielińska-Jurek, Defective TiO2 Core-Shell 

Magnetic Photocatalyst Modified with Plasmonic Nanoparticles for Visible 

Light-Induced Photocatalytic Activity, Catalysts. 10 (2020) 672; 

In the above studies I have performed XPS and SEM analysis.  
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