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Summary of PhD dissertation in Polish: Tematyka badawcza pracy
doktorskiej obejmuje preparatyke i charakterystyke fotokatalizatoréw, ze
szczegOlnym uwzglednieniem modyfikowanych fotokatalizatoréw tlenku
tytanu(IV), ktére znajduja zastosowanie do degradacji zanieczyszczen
organicznych niepodatnych na rozklad biologiczny. Celem pracy
doktorskiej bylo opracowanie metody otrzymywania i charakterystyka
nanokompozytow typu rdzenn magnetyczny — otoczka (TiO:) aktywnych
fotokatalitycznie pod wpltywem promieniowania UV i Vis. Zastosowanie
metody  mikroemulsyjnej do  otrzymywania  nanokompozytéw
magnetycznych umozliwito wytworzenie pozadanej struktury, w ktorej
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rdzen nanokompozytu stanowit tlenek zelaza(Il) dizelaza(Ill) (FesOs),
pokryty warstwa inertnej krzemionki oraz warstwa fotokatalizatora TiOa.
Drugim z aspektow naukowych pracy bylo uzyskanie zwigkszonej
aktywnosci fotokatalitycznej otrzymanych nanokompozytow w swietle
UV/Vis, jak i $wietle widzialnym poprzez modyfikacje powierzchni TiO2
platyna oraz miedzig, jak rowniez wprowadzenie do struktury krystalicznej
defektow tytanowych. Otrzymane nanokompozyty zastosowano do
efektywnej degradacji uporczywych zanieczyszczen organicznych obecnych
w plynie pozabiegowym po procesie szczelinowania hydraulicznego oraz
karbamazepiny, powszechnie stosowanego leku przeciwpadaczkowego,
zaliczanego do grupy $rodkéw farmaceutycznych stanowiacych
zanieczyszczenie sSrodowiska 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 (TiO:) 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), (FesOs), covered with a layer of inert silica and TiO:
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
TiOz. 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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h Hole

HPLC High-performance liquid chromatography
IEP Isoelectric point

LC-TOFMS Liquid chromatography-quadrupole time of flight mass

spectrometry

LSPR Localized Surface Plasmon Resonance

M Metal nanoparticle

M Saturation magnetization [Am?/kg]

OAP Octahedral anatase particles

P25 Commercially available titanium(IV) dioxide (Evonik,
Germany)

POPs Persistant organic pollutants
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ST41 Commercially available titanium(IV) dioxide (Ishihara
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STEM Scanning transmission electron microscope

t-BuOH tert-butanol

TIP Titanium isopropoxide, TiO2 organic precursor
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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/dm?3 [1]. In this regard, the use of Advanced Oxidation Technologies -
AOQOTs, 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 (TiOz) 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 TiO:, 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 TiO: different structures and morphology. Nonetheless, despite
different shape and polymorphic composition, which enhance the photocatalytic
activity, TiO:-based photocatalysis possess some limitations that impede
commercialization. The major limitations discussed in the doctoral dissertation and
challenges are presented in Figure 1.

Mass transfer Separation

Potential technological
challenges in heterogenous
photocatalysis

Water and wastewater

Visible light activation
transparency

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
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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/dm? [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 TiO:z 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 (A < 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 TiOz. 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:

e Doping with non-metals, e.g. N [24], C [25], F [26], C1 [27], S [28], I [29];

e Surface modification with noble and semi-noble metals, e.g. Ag [30], Au
[31], Mo [32], Fe [33], Pt [34], Pd [35];

e Sensitization with dyes [36, 37];

e Heterojunction with other semiconductors [38 - 40];

e 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 TiO:
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 TiO:-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 TiO:2 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 TiO: 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~ +0, - 0; +M @)
M+ HY - 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 TiO:z 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
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Another possibility of increasing the TiO: 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. Ti¥* defected
(commonly known as blue titania) and reduced TiO:2 (black titania) are widely
described in the literature [58 - 59]. Lettieri et al. [60] obtained blue TiO: 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
TiO:2 photocatalyst suggests the formation of titanium vacancies (Vi) 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 TiO:
nanoparticles in the presence of UV light [41]. Vi are also responsible for p-type
properties of TiO2 and lowering its Fermi level due to acceptor-type centres forming

[61 - 62].
* O Tlxhuu\ C =

\_)\ Ti vacancy (_} * # AL )

-6~ OO

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

(“\

()

At the end of the 20" century, along with the growing interest in TiO:
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, TiO: 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 TiO:2 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 TiO: 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 TiO:
modification with ferromagnetic iron oxides such as FesOs [77], [80], ZnFe204 [81],
BaFe1O1w [82, 83]. The most often used magnetic material is iron(Il, III) oxide
(FesOs), which crystal structure is presented in Figure 5. FesOs 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 Am?/kg, enable its efficient
separation from the suspension.

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

In the FesOs 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 Am?/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. FesOs, 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(Ill) to
iron(Il) in the FesOs structure as well as its further leaching in an acidic environment
and its secondary oxidation to iron(IIl) [90]. The possible reactions of iron oxidation
and reduction are presented in equations (4)-(7) [89].

Fe3*(s) + e~ — Fe?*(s)
Fe,0; + 6HY + 2e™ - 2Fe?* + 3H,0
Fe;0, + 8H' + 3e™ — 3Fe?* + 4H,0

Fe?*(aq) + h* - Fe3*(aq)
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.

(4)
©)
(6)
7)
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due to electron transfer
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Oxidation of the Fe?* to Fe3*
Fez+

Figure 6. Possible reactions in FesOs4/TiO2 composite, contributing to FesOu
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 SiO: 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 TiO:
photocatalysts preparation and characterization, there is still a lack of answers for
several problems:
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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:

o 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;

e 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 (TiO: type and TiO2SiO2: 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;

e The effect of TiO: 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;

o The relationship between the type of deposited metals and their
morphology on the efficiency of organic pollutant degradation;
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e The significance of superoxide anion radicals and hydroxyl radicals in
the mechanism of persistent organic pollutants degradation;

e  The relationship between the type of deposited metal on light absorption
properties — action spectrum analyses;

e 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. Zieliriska-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. Zielinska-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. Zieliriska-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. Zielinska-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. Zielinska-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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e A. Zielinska-Jurek, Z. Bielan, Sposob 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;

e Z. Bielan, E. Kowalska, S. Dudziak, K. Wang, B. Ohtani, A. Zielinska-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
TiOz-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 TiO: 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 TiO: surface modification
with noble and semi-noble metals have been reported, there is still a lack of
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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 TiO: matrices on photocatalytic activity.
Nonetheless, only monometallic modifications of TiO: 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 KK, Japan), as well as self-
prepared TiO: 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
TiO:z photocatalysts [P1].

Anatase Anatase Rutile Rutile  Brookite Brookite BET surface
[nm] [%] [nm] [%] [nm] [%] area [m?/g|
TBT 82+0.1 63+6 - - 77+02 374 118
TiO2  STO01 7.7+0.1 100.0 £ 0.4 - - - - 181
FP6 11.3+£0.1 78.6 +0.3 49+02 214+09 - - 104
ST41 458 +0.2 100.0 £0.2 - - - - 10

The selected TiO: 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
TiO:2 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 TiO: 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 CO: 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/TiOz nanoparticles.

A different approach is presented in the work [P2]. By simple hydrothermal
method in the presence of three selected oxidizing agents: HIOs, H202 and HNOs,
yellow defected TiO: was obtained. Similarly to titanium(IV) oxide modification
with noble and semi-noble metals, TiO2 with titanium vacancies (Vi) allowed for
increasing the TiO: 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 Vrti formation after TiO:2 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 TiOz 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-HNOs_50, whereas
under Vis light irradiation for TBT-HIOs_50. Further studies in the field of defective
TiO2 with Vi 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 HIOs 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 TiO:z
and defective TiO2-HIOs photocatalysts (a); Photoluminescence (PL) spectra for
defective TiO2-HIOs 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-HIOs_75, where the

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

the

TBT-HIOs_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 TiO: 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 (-Oz), electrons (e’), holes (h*) and
hydroxyl radicals (-OH) scavengers, respectively.

l “OH scavenger

h* scavenger
no scavenger
e~ scavenger
0 ‘0, scavenger

Phenol degradation rate constat k

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-HIOs photocatalysts.
Therefore, it can be assumed that °*O2 are crucial reactive oxygen species
participating in the photocatalytic reaction in the presence of defective TBT-HIOs
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-TiO: 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-TiO»-Pt/Cu
photocatalysts are presented in Table 2 [P3].

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

Crystalline Size and Phase Content

Sample Anatase Rutile Brookite
Size (nm) Phase Content Size (nm) Phase Content Size (nm) Phase Content
(wt.%) (wt.%) (wt.%)
TiOz 5.97+0.04 955+1 - - 6.1+0.3 45+1
d-TiO2_20 5.14+0.03 96+1.0 - - 40+06 35+05
d-TiO2_75 5.67 £0.05 21+35 6.6+0.1 80+2 - -
TiO-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+10 49+03 6+05
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 76+0.8 61 48+03 13+1
d-TiO2_20-Cu0.1 6.62+0.04 72+11 11.7+04 9+2 1.52+0.08 85+1
d-TiO:_20-Pt0.1/Cu0.1 5.52+0.03 83+12 9.5+0.6 8+2 51+03 85+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 TiO: 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 (Em) for bare TiO:
and Pt modified d-TiO2 was determined. Modification of TiO:z 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 TiO2x. The efficient
charge carriers separation for defective TiO2-Pt photocatalyst in comparison with
pure TiOzenhance the ability of TiO: to oxidize adsorbed species [P3].

cp 4-TiO, 20-Pt0.1

113 e@

TiO,

s >0, OH

e | J 4

4 k i e ). _ _
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Figure 11. The position of VB and CB of defective TiO2-Pt photocatalyst in
comparison with pure TiO: 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 FesOs, with nominate particles diameter of
about 50 nm (Sigma Aldrich) with a high saturation magnetization (90 Am¥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 TiO: matrix and molar ratio of TiO:2 to FesOs 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 FesOs/TiO2 photocatalysts, without silica
interlayer were obtained for physicochemical and photocatalytic properties
comparison.

Table 3. Physicochemical and photocatalytic characteristic of FesOs/TiO2 and
Fe304@Si0:/TiO2 obtained by the ultrasonic-assisted sol-gel method [P4].

Degradation rate constant
FesOs FesOu/ BET surface Ms k [min"]-102 Eg

e [TiO: TEOS area [m?/g] [Am?kg] Phenol Pyridine 4-Heptanone [eV]
FesO4/TiOz_1 1:1 - 16 18.2 1.01 0.18 1.36 1.8
FesO4/TiO2_2 1:2 - 37 14.8 1.34 0.64 1.21 1.8
FesO4/TiO:2_3 1:4 - 79 7.5 3.02 0.26 2.10 19
FesO4/TiO:_4 2:1 - 15 425 0.85 0.15 0.46 17
Fes04@Si0:/TiO2_5 1:2 1:2 210 20.2 0.68 0.04 0.69 1.8
Fes04@Si0:/TiO2_6 1:2 1:8 297 15.3 0.77 0.18 0.72 1.8
Fes04@Si0:/TiO_7 1:2 1:16 269 10.0 0.43 0.03 0.83 17

The specific surface area of magnetic photocatalysts was mainly affected by TiO:
particles and SiO: 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 FesO4/TiOz2_4 with the mass ratio of FesOs to TiO:2 equal 2:1. The introduction of
the SiO2 layer between FesOs and TiO: 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 TiO: to FesOs. Furthermore, based on the
obtained physicochemical characteristics and photocatalytic activity results, the
most suitable parameters corresponding to the amount of FesOs to TiO2 and molar
ratio of TEOS to FesOs 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 Fes0s@SiO2/TiO2 nanocomposites. The effect of TiO:2
matrix [P4].

Degradation constant rate [min-']-10?

Sample label Fe-304/ TEOS/ BET surface Eg
TiOx FesOu area [m*/g] Phenol Pyridine 4-Heptanone [eV]

P25 - - 55 4.78 0.87 0.77 3.15

FesOs - - 8 0.90 0.22 0.49 0.1
Fes04@Si0:/TiO2_ST01 1:2 8:1 191 2.81 0.60 1.26 2.8
Fes04@SiO-/TiO:_P25 1:2 8:1 124 4.60 0.85 1.98 3.15
Fes0s@SiO:/TiO2_TIP 1:2 8:1 163 1.00 0.44 0.78 1.9
Fes04@SiO:/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 TiO: 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 FesOs, SiO2 and TiO: 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 SiO: 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 SiO:2 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].

50 ~ - S0,
40 -+ Fe,0,
30 = TiO,

20 A

10 A

Zeta potential [mV]

-10
-20
_30 4

40 A

-50 -

Figure 12. Zeta potential as a function of pH for FesOs SiO2 and TiO:
nanoparticles [P5].

As a confirmation of the presented thesis, two Fes04@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 m?/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.
WWA@ e e b TIO, seed

CIAB molecule S5 Silica seed B> = of nuclei
, of nuclei

e i L 25, steric
£ e - i -
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s o f 3
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35 Tof nuclel W% of nuclel
= pH~4-5
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4 % §¢ 3
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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 FesOs@SiO2/TiO2 samples [P5].

Preparation BET

conditions surface M. Crystalline Size [nm] Pheno%
Sample —_— degradation
area [Am?/kg] . . o
pH Surfactant [m/g] Anatase Rutile Magnetite [%]
Fe;04@Si0>/TiO2_1 5 TX-100 101 8 19 26 47 86
Fe;04@Si0,/Ti02_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 Fe304@SiO2 (a) and Fes0s@SiO2/TiO2 (b) combined
with mappings of Ti, Fe and Si elements [P5].

The efficiency of phenol degradation of Fe304@SiO2/TiO2 was comparable to the
commercial nanosized TiO: 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 FesOs@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 TiOx-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 TiO:-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 TiO: particles, described in detail in [P1] were deposited on FesO04@SiO2
nanocomposite using microemulsion method at pH 10. Two different types of
Fes04@SiO:2 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 NH4«OH)
are suitable for further modification, with almost the same efficiency towards acetic
acid degradation and H: generation.

The photoabsorption properties of the prepared magnetic materials were
compared with the previously obtained for metal-modified TiO: samples. The light
absorption edge in the ultraviolet region for nanocomposites was close to that of the
pure TiO: particles. After surface modification with Pt and Pt/Cu of TiO, 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/TiO: shell on the
entire agglomerated surface. Pt nanoparticles of the average diameter smaller than
10 nm were uniformly distributed on the TiOz 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 FesOs@SiO: surface coated with TiO: 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 TiO2-5iO:
photocatalytic layer compared to pure TiO: 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 TiO:
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.
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Figure 15. Action spectra of phenol degradation for obtained TiO:-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 Fes0s@5iO:/TiO2-M nanocomposites revealed higher photocatalytic
activity, which confirms the possibility of their use in sunlight-driven photocatalytic
processes.

3.4 Application of FesOs«@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 Fes0s@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 Fes04@SiO2/TiO,
where Fe3Os/TiO2 molar ratio was 1:2 and TEOS/FesO: 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.
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Figure 16. Degradation of phenol (a), 4-heptanone (b) and pyridine (c) with
magnetic TiOz-based photocatalysts under UV-Vis irradiation [P4].
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Figure 17. Flowback water photodegradation under UV-Vis irradiation in the
presence of Fes0s@SiO:/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 TiO»-
based magnetic photocatalysts was described in P5. It was found that
Fes04@SiO:/TiO:z core-shell photocatalyst, where TiO2 was commercially available
P25, as well as other core-shell composites with different magnetic iron oxides as
cores, ie. CoFe:O0s and BaFei2Ow, are suitable for almost complete CBZ
mineralization. In the last part of PhD dissertation as the photocatalyst,
Fes01@5i02/d-TiO2-Pt was used, with Ti vacancies in TiO: 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% H:0:
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.

Coded levels and their values

Factor

-a -1 0 1 a
photocatalyst loading [g/dm?] 0.25 05 1 1.5 2
temperature [°C] 10 20 25 30 40
flux [mW/cm?] 30 35 45 60 70
pH 3 5 7 9 11
aeration [dm3/h] 0 0 3 4 7
H202 addition [mg/dm?] 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 H20: 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, H20: 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 Significant pPH () H20z2 (+) Temp (+) Flux (+)
removal H20: (+) Cat.load (-) H2022 (+) O2H20:2 (+)
pH-H202 (-) Flux (+)
pH? (+) Temp (+)
Flux (+) Flux-O2 (-)
Temp. (+) Cat.load-Temp
H2022 (+) +)
Possible Cat.load (-) Cat.load-Oz2 (-) - Temp-O2 (-)
Cat.load-Temp (+)
TOC Significant PH (-) H20:2 (+)  Cat.load (-) Cat.load (-)
removal Cat.load (-) Cat.load (-) H202(+) Catload-Temp
H202 (+) Oz (+) +)
pH-H202 (-) O2H202 (-) Flux-H202 (-)
O2pH (-)
Flux (+)
O2-H20: (-)
Possible - Temp-H202 (+) Temp. (+) -
Flux (+)

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 (‘O27) are the probable reactive oxygen species taking part in the
photodegradation of carbamazepine. Results of the photocatalytic degradation in
the presence of e-, h+, ‘Oz~ and 'OH scavengers showed that both e- and "Oz 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 ht+ scavenger. Therefore, it can be assumed that h* had little effect on
photodegradation, as a result of their trapping inside the defective structure of TiO-.
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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 Vi 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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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 TiO: photocatalysts with titanium defects by a

simple hydrothermal reaction in the oxidative environment:

¢ Demonstrating the effect of oxidant type (HNOs, HIOs, H202) and its
concentration in the reaction environment on titanium defects formation,
physicochemical properties and photocatalytic activity in Vis light.

e Demonstrating the effect of calcination temperature on photocatalytic
activity and anatase to rutile temperature transition.

Regarding the preparation of TiO: modified with mono- and bimetal Pt/Cu

nanoparticles:

e Determining the effects of the type and size of the TiO: particles on the
physicochemical properties and activity of photocatalysts modified with
mono- and bimetallic particles in oxidation and reduction reactions.

o Demonstrating the effect of metal type and amount on the
physicochemical properties and photocatalytic activity.

e Demonstrating the significance of superoxide anion radicals and electrons
in the mechanism of phenol degradation.

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

structure:

e Design of wuniversal 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 TiO:2 type and TiO2: 5iO2: FesOs molar ratio
on the photocatalytic and magnetic properties of the resulting
photocatalysts.

d. Regarding the preparation of TiO:-based magnetic photocatalysts with the
general formula Fes04@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  Fes0:@5i02/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 H20:
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.

Fes0s@5i0:/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 TiO,
and afterwards the w/o microemulsion method, it was possible to successfully
obtain the magnetic nanocomposites FesO1@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 CO: conversion,
nitrophenol/aminophenol conversion) reactions. Furthermore, the quantum
efficiency analysis showed a higher photocatalytic potential of bimetallic
nanocomposites comparing to monometallic at wavelengths A < 450 nm, which
proves the positive correlation between platinum and copper on the TiOzsurface.

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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Specifications table

Subject Catalysis
Specific subject area Photocatalytic pollutants degradation
Type of data Tables
Figures
How data were acquired X-ray diffractometer (Rigaku Intelligent X-ray diffraction system SmartLab);

specific surface analyser with BET method (Micromeritics Gemini V); diffuse
reflectance spectrometer (JASCO V-670) equipped with a PIN-757 integrating
sphere; high-performance liquid chromatograph (Shimadzu LC-20AD); gas
chromatograph (Shimadzu GC-8A); total organic carbon analyser (Shimadzu

TOC-L)
Data format Raw
Analyzed
Parameters for data collection XRD: 20 range of 5-80°, scan speed 1°smin~", scan step 0.01°

DR-UV/Vis: 200-800 nm scan

BET: temperature of 77 K (liquid nitrogen temperature)

Photocatalytic tests parameters are presented in detail in Experimental Design,
Materials, and Methods section.

Description of data collection Ti0,-M photocatalysts samples where obtained using photodeposition method
from metal precursors in methanol: water (vol% 50:50) mixture. Irradiation
was carried out for 1 hour using mercury lamp. Obtained TiO,-M precipitate
was dried at 80°C and calcined at 400°C for 2 hours,

Detailed description of conducted researches is presented in Experimental
Design, Materials, and Methods section.

Data source location Department of Process Engineering and Chemical Technology, Chemical Faculty,
Gdansk University of Technology, Gdansk, Poland
Institute for Catalysis (ICAT), Hokkaido University, Sapporo, Japan

Data accessibility With the article

Related research article Z. Bielan, E. Kowalska, S. Dudziak, K. Wang, B. Ohtani, A. Zielifiska-Jurek;
Mono- and bimetallic (Pt/Cu) titanium(IV) oxide core-shell photocatalysts with
UV/Vis light activity and magnetic separability; Catalysis Today; In Press [1]

Value of the data

« Physicochemical and photocatalytic characterization of mono- and bimetallic TiO, matrices
complement the analysis of magnetic Fe304@SiO,/TiO»-M nanocomposites.

+ Data presents new information in the field of titania modification with noble and semi-noble
metals.

« A multitude of obtained samples allows the designation of an overall trend of photocatalytic
activity for different TiO, matrices.

1. Data Description
1.1. XRD analysis (Fig. 1 a-b; Tables 1-3)

Exemplary XRD patterns for TiO,-M samples are presented in Fig. 1 a-b with detailed phase
composition and crystallite sizes for all samples being listed in Tables 1-3.

All obtained TiO,-based photocatalysts consisted of mainly anatase polymorph, and two of
them were composed of only this phase (STO1 and ST41), whereas FP6 and TBT samples also
contained rutile (21.4%) and brookite (37.0%), respectively. The crystallite sizes of anatase and
brookite in TBT samples, based on the main peaks, reached approximately 8 nm (brookite) and
8.5 nm (anatase). In the case of commercial samples, the sizes of the crystallites vary from 5
nm to 55 nm. It was found that the crystallite size of titania increased slightly after modification
with metals. For example, from 7.7 nm to 16.6 nm for STO1 modified with 0.05 mol% of Pt, which
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Fig. 1. XRD patterns for monometal (a) and bimetal (b) TiO,-M
Table 1
Phase percentage and crystallite size for no-metal TiO, photocatalysts
Anatase [nm] Anatase [%] Rutile [nm] Rutile [%] Brookite [nm] Brookite [%]
TiO, TBT 8.17 = 0.04 63 +6 - - 7.69 + 0.19 374
STO1 7.66 + 0.05 100.0 + 0.4 - - - -
FP6 1132 + 0.07 786 =03 487 + 019 214 =09 - -
ST41 458 + 0.2 100.0 + 0.2 - - - -
Table 2
Phase percentage and crystallite size for monometallic TiO,-M photocatalysts
Anatase [nm] Anatase [%] Rutile [nm] Rutile [%] Brookite [nm] Brookite [%]
TBT Pt0.05 9.0+ 13 64.50 + 0.19 - - 811 + 0.06 355 =04
Pto.1 8.681 = 0.015 675 - - 8.01 £ 0.05 3342
Cu0.1 8.523 + 0.013 62 + 18 - - 8.00 = 0.06 38 +£28
Cu0.5 8481 £ 0012 682 +03 - - 7.81 + 0.06 318 + 04
STO1 Pt0.05 16.58 + 0.04 100 £5 - - - -
Pto.1 16.44 + 0.09 100 =1 - - - -

Cu0.1 16.01 = 0.05 100 =2 - - - -
Cu0.5 15.25 + 0.04 100 = 8 — &
FP6 Pt0.05 12.55 + 0.02 96.2 £ 04 6.76 = 0.12 3803 - -

Pt0.1 12.58 £ 0.02 925 £ 0.6 433 £ 007 7513 - -
Cu0.1 12.37 £ 0.02 971 = 19 144+03 29 =06 - -
Cu0.5 12,12 £ 0.02 96.8 + 0.6 139 = 04 32+ 06 - -
ST41 Pt0.05 540 + 0.8 100.0 + 0.2 - - - -
Pto.1 4142 £ 019 100.0 + 0.2 - - - -
Cu0.1 455 + 0.2 100.0 + 0.2 - - < -
Cu0.5 402 + 0.2 100.0 + 0.2 - - - -

was caused by post-calcination. For FP6-M samples, anatase, as the dominant polymorphic form,
ranges from 93 to 97% of the TiO, crystalline phase. However, the pattern also showed peaks
from rutile, mainly at 27.3 degree (110) (ICDD card No. 9004142). The size of rutile crystallites
ranges from ca. 5 nm for pure FP6 to 14 nm for FP6-Cu0.1, whereas the anatase crystallites for all
samples had a similar size of ca. 12 nm (11 nm for pure and 12.5 nm for FP6-Cu0.1). Compared
to other TiO, matrices, ST41 photocatalysts are characterized by the largest crystallites of ca. 45
nm. In the case of bimetallic TiO, photocatalysts, similar crystalline properties to monometallic
photocatalysts were obtained, as shown in Tables 2 and 3. It should be pointed out that the
position of the peaks did not shift after titania modification with metals [2]. The presence of
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Table 3
Phase percentage and crystallite size for bimetallic TiO;-M photocatalysts.
Anatase [nm]  Anatase [%¥] Rutile [nm]  Rutile [%] Brookite [nm]  Brookite [%]
TBT Pt0.05/Cu0.1 10.48 = 0.05 655 - - 80+02 35+2
Pt0.1/Cu0.1 8.81 + 0.04 68 +7 - - 8.01 = 0.17 32+4
Pt0.05/Cu0.5  10.29 + 0.05 68 +2 = = 80+ 02 32+3

ST01  Pt0.05/Cu01 1438 £0.06 1000 =03 - - - -
Pt0.1/Cu0.1 1469 =006 1000 =03 - - - -
Pt0.05/Cu0.5  13.97 + 0.03 1000 £ 03 - =

FP6 Pt0.05/Cu0.1  11.35 + 0.06 948 + 0.3 100 £ 04 520+ 019 - =
Pt0.1/Cu0.1 1145 + 0.06 891 £03 6.5 = 04 109 = 0.5 - -
Pt0.05/Cu0.5 1141 = 0.06 822 =04 44 =01 178 =12 - -

ST41  Pt0.05/Cu0.1  46.6 + 0.2 1000 £ 02 - - - -
Pt0.1/Cu0.1 470 = 0.2 1000 £ 02 - - - -
Pt0.05/Cu0.5 475 = 0.2 1000+ 02 - - - =

100 — 0.5

9

(a) (b)
— 80 | =
g 3 0.4
o 70 =
2 8
§ 60 TBT-PtO.1 £03 §rq1-P‘q.1/Cu 2 ST01-Pt0.1
850t 2
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9[_; a5 | TBT-Pt0.05 ® 0 w -Pt0.05CU0-
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= 2 } TBT-Cu0.1 =01 b :

10 b TBT-pure $T01-Cu0.1
0 0 . N L
300 400 500 600 340 440 540 640

Wavelenght [nm] Wavelenght [nm]

Fig. 2. Exemplary DR-UV/Vis spectra of nanocomposites taken with BaSOy4 (a) and pure STO1 (b) as reference.

platinum and copper was not confirmed by XRD analysis (no peaks for platinum or copper) due
to their low content (0.05-0.5 mol%) and nanometric size.

1.2. DR-UV)Vis spectroscopy (Fig. 2 a-b)

Photoabsorption properties of no- and metal-modified TiO, samples were studied by diffuse
reflectance spectroscopy, and exemplary data are shown in Fig. 2 a-b.

All samples absorb UV light due to titania presence with an absorption edge at ca. 400 nm,
with no difference among each polymorphic phase. The presence of noble metals resulted in the
appearance of Vis absorption, as clearly shown for TBT samples in Fig. 2 a. An increase in absorp-
tion associated with the surface modification with metals is proportional to the amount of the
specific type of metal used, with platinum modification resulting in a more significant increase
in absorption than modification with an analogous amount of copper. Besides, for TiO,-Cu pho-
tocatalysts, especially when 0.5 mol% of copper was used, the spectra rises above 600 nm what
is characteristic for the presence of Cu?* [3]. DR-UV/Vis plots for bimetallic TiO, photocatalysts
are analogous to the spectra for monometallic TiO,.

The presence of LSPR peaks for Pt and Cu was confirmed based on DR-UV/Vis spectra mea-
sured for STO1 mono- and bimetallic photocatalysts with pure STO1 as a reference as presented
in Fig. 2 b. Surface plasmon resonance of platinum is visible through an increase of the absorp-
tion in the range of about 420-440 nm [4]. Increased absorption intensity from 400 to 450 nm
corresponds to an electron transfer between Cu(ll) and valence band of titanium(IV) oxide or
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Table 4
BET surface area for no- and monometallic TiO; photocalysts
TiO, matrix BET surface area [m2.g~!]
No-metal Pt0.05 Pto.1 Cu0.1 Cu0.5
TBT 118 113 112 118 100
STO01 181 113 106 13 116
FP6 104 86 81 86 88
ST41 10 10 10 10 10
Table 5
BET surface area measurements for bimetallic TiO, photocalysts
TiO, matrix BET surface area [m?-g~!]
Pt0.05/Cu0.1 Pt0.1/Cu0.1 Pt0.05/Cu0.5
TBT 107 112 108
STO1 116 107 n7
FP6 86 86 90
ST41 10 1 11

due to the presence of Cu(l). The lack of evident peak at 500-580 absorption region (typical for
LSPR of Cu) indicated that zero-valent copper (photodeposited on titania surface) was easily ox-
idized to other forms of copper [5], which is typical for Cu-modified titania kept under ambient
conditions [6].

For all obtained TiO,-M photocatalysts, bandgap, calculated from Kubelka-Munk transforma-
tion, was similar to the unmodified TiO; (ca. 3.2 eV).

1.3. BET surface area analysis (Tables 4-5)

The specific surface area (BET) for the obtained no-, mono- and bimetallic TiO, photocata-
lysts are presented in Tables 4 and 5. The specific surface areas of bare (10 m2.g~' for ST41,
104 m2.g-! for FP6, 118 m2+g~! for TBT and 181 m2.g~! for STO1) and metal-modified titania
samples correlate well with crystallite sizes of anatase (approximately 46, 11, 8 and 7.5 nm, re-
spectively). It was found that the metal presence caused a slight decrease in BET (Table 4) for
STO1 and FP6 samples.

14. STEM analysis (Fig. 3)

For confirmation of metal presence, STEM analysis was performed. As exemplary photocat-
alyst, STO1-Pt0.05 was selected. The obtained images made in the dark mode are presented in
Fig. 3. Platinum nanoparticles, which diameter is up to 20 nm, are marked with red squares.

1.5. Photocatalytic activity of mono- and bimetallic TiO, (Fig. 4-8)

Before evaluation of the photocatalytic activity of obtained nanocomposites [1], series of pure
TiO, matrices and mono- and bimetallic TiO,-M photocatalysts were tested as to their reference.
Obtained results, presented as H, and CO, evolution, are shown in Fig. 4 a-d with respect on
the TiO, matrix as well as the amount of deposited platinum and copped.

Platinum nanoparticles significantly increase photocatalytic activity for both reaction systems,
with the highest difference observed between unmodified and 0.05% Pt addition, due to the
formation of Schottky barriers hindering the charge carriers’ recombination. The STO1 samples
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Fig. 3. STEM images of STO1-Pt0.05 sample

exhibited the highest activity towards hydrogen generation and the worst one for acetic acid
oxidation, whereas ST41 samples behaved oppositely in both cases. It has already been reported
(for comparison of 35 commercial titania photocatalysts) that for methanol dehydrogenation, a
high specific surface area (STO1) for efficient adsorption of methanol is required, whereas low
BET favoured acetic acid decomposition (ST41) [7]. Photocatalysts obtained from TBT and FP6
generally achieved similar results towards both H, generation and CH3OO0H oxidation. However,
a little difference is still present, especially for the effect of Pt modification (Fig. 4 b). An inter-
esting observation was also made for photocatalytic activity dependence for both platinum and
copper amounts used for TiO, surface modification. There was hardly any difference in H, and
CO, generation quantity between 0.05 and 0.1% for Pt- and 0.1 and 0.5% for Cu-modified titania.
Similar results were presented by Ahmed et al. [8]. The optimum platinum amount for titania
modification was 0.5 wt.%, which was confirmed by methanol dehydrogenation reaction.

The similar analysis was performed for bimetallic TiO,-Pt/Cu photocatalysts. Obtained results
for Hy and CO, liberation are presented in Fig. 5 a-b.

Analogical dependence between used titania matrix as for monometallic TiO, was observed
after the photodeposition of platinum and copper on the titania surface, thereby creating
bimetallic structures. In reduction reaction, the STO1T matrix (containing only small anatase par-
ticles) was the most active, while in oxidation reaction - ST41 (only big anatase particles). The
described dependence occurred regardless of the amount of modifying metals. For further analy-
sis, the relationship between the platinum and copper content on ST41 matrix on photocatalytic
activity in reduction and oxidation reactions is shown in Fig. 6 a-b.

As it was presented in Fig. 6 b, a combination of Pt and Cu nanoparticles on ST41 photocat-
alyst has hardly any influence on acetic acid oxidation. It follows that in the presented system,
CH300H decomposition to carbon(IV) oxide mainly depends on the TiO, matrix, to a lesser ex-
tent, from the type and concentration of metals. In reduction reaction, as it is presented in Fig.
6 a, simultaneous modification of titania surface with both Pt and Cu nanoparticles resulted in a
significant decrease of H, evolution, mainly because of copper introduction. The higher the mol
percentage of copper used, the lower the photocatalytic activity of bimetallic TiO,-M.
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Fig. 7. Phenol degradation, presented as a rate constant k and TOC removal for different monometallic (a-d) and bimetal-
lic (e-f) TiO,-based photocatalysts

For further analysis of the photocatalytic activity of mono- and bimetallic TiO, samples, phe-
nol degradation reaction was studied. Obtained results presented as rate constant k and TOC
removal are shown in Fig. 7 a-d.

In all tested systems, ST41 matrices were the most active ones, allowing for both - the high-
est phenol degradation as well as the highest organic carbon mineralization. The increase of
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the platinum content caused an increase in photocatalytic activity, while the opposite trend was
observed for copper nanoparticles.

2. Experimental Design, Materials, and Methods
2.1. Materials

Commercial titania samples: STO1 (ST-01, Ishihara Sangyo, Osaka, Japan), ST41 (ST-41, Ishi-
hara Sangyo) and FP6 (Showa Denko KK., Tokyo, Japan) were supplied as photocatalysts ma-
trix. Other chemicals, including titanium n-butoxide (TBT, 96.0%), chloroplatinic acid hexahydrate
(99%), copper(11) sulfate (99.9%), methanol, acetic acid, acetonitrile (HPLC grade), phosphoric acid
(HPLC grade, 85%) and phenol (99.5%) were purchased by Wako Pure Chemicals (Osaka, Japan).
All materials were used as received without further purification.

2.2. Preparation of TiO,-M photocatalysts

Four different types of titania (commercial: STO1, ST41, and FP6, and self-prepared TBT - from
titanium n-butoxide hydrolysis) were modified with platinum and/or copper nanoparticles using
photodeposition method. TiO, was dispersed in methanol-water solution (volume ratio 50:50)
and the corresponding amount of Pt/Cu precursors’ solutions (0.05 and 0.1 mol% of Pt and 0.1
and 0.5 mol% of Cu in respect to TiO2) were added. The obtained suspension was bubbled with
argon for oxygen removal. The reaction tube was sealed with a rubber septum and then irradi-
ated for 1 h using a mercury lamp. Repeatable conditions were provided by continuous stirring
(500 rpm) and temperature control using a thermostated water bath. The efficiency of photode-
position was controlled via hydrogen generation measurements taken every 15 min of irradia-
tion. The obtained TiO2-M photocatalysts, where M corresponds to Pt, Cu, or Pt/Cu nanoparticles,
were washed with deionized water, centrifugally separated, and dried at 80°C for 24 h. Finally,
samples were calcinated at 400°C for 2 h.

2.3. Characterization of obtained photocatalysts

XRD analyses were performed using the Rigaku Intelligent X-ray diffraction system Smart-
Lab (Tokyo, Japan) equipped with a sealed tube X-ray generator (a copper target; operated at 40
kV and 30 mA). Data were collected in the 20 range of 5-80°. Scan speed and scan step were
fixed at 1°-min—! and 0.01°, respectively. The analysis was based on the International Centre for
Diffraction Data (ICDD) database. The crystallite size of the photocatalysts in the vertical direc-
tion to the corresponding lattice plane was determined using Scherrer’s equation, with Scherrer’s
constant equals 0.891. Quantitative analysis, including phase composition with standard devia-
tion, was calculated using the Reference Intensity Ratio (RIR) method from the most intensive
independent peak of each phase.

Nitrogen adsorption-desorption isotherms (BET method for the specific surface area) were
recorded using the Micromeritics Gemini V (model 2365) (Norcross, GA, USA) instrument at 77
K (liquid nitrogen temperature).

Diffuse reflectance (DR) spectra were measured, and the data were converted to obtain ab-
sorption spectra. The bandgap energy of photocatalysts was calculated from the corresponding
Kubelka-Munk function, F(R)*3E%> against Ey;, where Ey, is photon energy. The measurements
were carried out on JASCO V-670 (Tokyo, Japan), equipped with a PIN-757 integrating sphere.
BaSO,4 or respective bare titania were used as references.
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Noble metal nanoparticles presence was determined by scanning transmission electron mi-
croscopy (STEM) equipped with energy-dispersive X-ray spectroscopy (EDS; HITACHI, HD-2000,
Tokyo, Japan).

2.4. Photocatalytic activity analysis

Photocatalytic activity of obtained samples was evaluated in three reaction systems: (1) phe-
nol degradation reaction under UV-Vis irradiation, (2) decomposition of acetic acid under UV-Vis
irradiation, and (3) dehydrogenation of methanol under UV-Vis irradiation. For phenol degra-
dation reaction, a 300-W xenon lamp (LOT Oriel, Darmstadt, Germany) was used. A 0.05 g (1
g«dm—3) of a photocatalyst, together with a 20 mg-dm=3 phenol solution, was added to a 50
cm? quartz photoreactor with an exposure layer thickness of 3 cm, and obtained suspension
was stirred in darkness for 30 min to provide adsorption-desorption stabilization. After equilib-
rium was established, photocatalyst suspension was irradiated (60 mW-cm3) for 60 min under
continuously stirring. The constant temperature of the aqueous phase was kept at 20°C using a
thermostated water bath. Every 10 min of irradiation, 1.0 cm® of suspension was collected and
filtered through a syringe filter (pore size: 0.2 pm) for the removal of photocatalysts particles.
The concentration of phenol and formed intermediates was estimated using a reversed-phase
high-performance liquid chromatography (HPLC) system, equipped with a C18 chromatography
column with bound residual silane groups (Phenomenex, model 00F-4435-E0) and a UV-Vis de-
tector with a DAD photodiodes array (model SPD-M20A, Shimadzu). The tests were carried out
at 45°C and under isocratic flow conditions of 0.3 cm3-min~! and volume composition of the
mobile phase of 70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid. Qualitative and
quantitative analysis was performed based on measurements of relevant substance standards
and using the method of an external calibration curve. Total organic carbon (TOC) was measured
using the TOC-L analyzer (Shimadzu, Kyoto, Japan).

For acetic acid decomposition, 0.05 g of the photocatalyst was suspended in 5 cm? of 5 vol%
aqueous acetic acid solution. The 30 cm? testing tube with as prepared suspension was sealed
with a rubber septum and irradiated for 60 min using 400 W mercury lamp (Hamamatsu Pho-
tonics, Hamamatsu, Japan) under continuous stirring and temperature control. Every 20 min,
liberated CO, in a gas phase was estimated chromatographically using a Shimadzu GC-8A Chro-
matograph (Shimadzu Corporation, Kyoto, Japan) equipped with thermal conductivity detector
(TCD) and Porapak Q column (Agilent Technologies, Santa Clara, CA, USA).

For methanol dehydrogenation, 0.05 g of the photocatalyst was suspended in 5 cm? in
methanol-water solution (volume ratio 50:50). The obtained suspension was first purged with
argon for oxygen removal. The testing tube was sealed with a rubber septum, and irradiated
for 60 min using mercury lamp (same reaction system as that used for acetic acid decompo-
sition). Generated hydrogen was determined every 15 min using a Shimadzu GC-8A Chromato-
graph with TCD detector and MS-5A column (Agilent Technologies).
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Abstract: Among various methods of improving visible light activity of titanium(IV) oxide, the
formation of defects and vacancies (both oxygen and titanium) in the crystal structure of TiOz is an
easy and relatively cheap alternative to improve the photocatalytic activity. In the presented work,
visible light active defective TiO2 was obtained by the hydrothermal reaction in the presence of three
different oxidizing agents: HIOs, H20:, and HNOs. Further study on the effect of used oxidant and
calcination temperature on the physicochemical and photocatalytic properties of defective TiO: was
performed. Obtained nanostructures were characterized by X-ray diffractometry (XRD), specific
surface area (BET) measurements, UV-Vis diffuse reflectance spectroscopy (DR-UV/Vis),
photoluminescence spectroscopy (PL), X-ray photoelectron spectroscopy (XPS), and electron
paramagnetic resonance (EPR) spectroscopy. Degradation of phenol as a model pollutant was
measured in the range of UV-Vis and Vis irradiation, demonstrating a significant increase of
photocatalytic activity of defective TiO:2 samples above 420 nm, comparing to non-defected TiO:.
Correlation of EPR, UV-Vis, PL, and photodegradation results revealed that the optimum
concentration of HIO:s to achieve high photocatalytic activity was in the range of 20-50 mol%. Above
that dosage, titanium vacancies amount is too high, and the obtained materials’ photoactivity was
significantly decreased. Studies on the photocatalytic mechanism using defective TiO: have also
shown that *O> radical is mainly responsible for pollutant degradation.

Keywords: titanium vacancies; HIO3; phenol degradation; scavengers; photocatalysis

1. Introduction

One of the main challenges of the 21st century is the pollution of the water environment.
Compounds such as pharmaceuticals, hormones, or personal care products are detected in surface
waters, which negatively affect human health and entire ecosystems [1]. In this regard, advanced
oxidation processes (AOPs) allow for the effective removal of impurities from water. Heterogeneous
photocatalysis, as one of the AOPs, has gained considerable attention due to effective removal in the
presence of light and semiconductor of xenobiotics not susceptible to biological degradation.

Materials 2020, 13, 2763; doi:10.3390/ma13122763 www.mdpi.com/journal/materials
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In the photocatalytic process, semiconductor absorbs electromagnetic radiation with an energy
greater or equal to energy bandgap. The generated charge carriers take part at the surface in redox
reactions with the water, oxygen, and hydroxyl ion molecules leading to the formation of reactive
oxygen species, capable of non-selective and sufficient oxidation of pollutants. Titanium(IV) oxide is
one of the most frequently used semiconductors for photocatalysis due to its good photocatalytic
activity, cost-effectiveness, non-toxicity, and high stability [2]. However, the use of TiO: in
heterogeneous photocatalysis is limited due to charge carriers’ recombination and almost no activity
in the visible light.

Several different strategies have been proposed to obtain TiO: active in the range of visible light.
Advanced modification of semiconductor materials with metals (Ag [3], Au [4], Mo [5], Fe [6], Pt [7],
and Pd [8]), as well as doping with non-metals (N [9], C [10], F [11], CI [12], and S [13]) and dyes
sensitization [14-16] enable to obtain heterogeneous photocatalysts active in the visible light.
Nonetheless, all the presented methods have several drawbacks. Non-metal-doped semiconductors
usually are unstable in long-term processes because of dopant liberation from surface layers [17,18].
Introducing non-metals into the TiO: lattice could also result in the formation of oxygen vacancies,
which could act as additional electron-hole pairs recombination centers [19,20]. In turn, doping with
metal ions, as well as a surface modification with its nanoparticles, is more expensive and is not cost-
effective in photocatalysis scaling-up [21]. Moreover, such nanomaterials often suffer from thermal
and optical instability [22]. As for the matter of dye-sensitized semiconductors, widely used
sensitizers such as alizarin red S [23], bipyridine complexes [24,25], phthalocyanine [16,26] absorbed
on the surface of TiO: could be desorbed during the photocatalytic process and greatly depress the
photoactivity [27,28].

Another possibility of increasing the photoactivity of TiO:z is an introduction to its crystal
structure intrinsic defects. To the category of this self-structural modification belong titanium/oxygen
vacancy self-doping and a surface disorder as well as the formation of Ti-OH bonds on the surface
layer [29,30]. Great attention to blue (Ti* defected) and black TiO: is related mostly to extending the
light absorption to the visible region [31,32]. As presented by Lettieri et al. [33], blue TiO:z could be
obtained from commercially available P25 and anatase powders in simple solvent reflux thermal
treatment. It allowed to surface and sub-surface oxygen vacancies formation. Consequently, TiOz
bandgap has been narrowed to about 2.3 eV and visible light activity was significantly increased.
Among all studied titania defects, the most rarely investigated are titanium vacancies and titanium
interstitials despite their excellent quadrupole donor and acceptor properties. Revolutionary work in
the field of TiOz vacancies was reported by Wu et al. [34]. The yellow, ultra-small defective TiO: was
obtained by a simple sol-gel method within 8 h of UV irradiation, without introducing any external
dopants. The formed titanium vacancies and titanium interstitials played a crucial role in visible-
light-driven H: production from formaldehyde solution, not only initiating but also promoting
photocatalytic activity in visible light. Furthermore, cycling tests indicated the stability of yellow
defective TiOz, compared with normal TiO: assisted with co-catalysts [34].

Phenol is one of the commonly used model organic compounds in photocatalytic wastewater
treatment. Its degradation pathway is intensively studied for a thorough understanding of the
photocatalytic reaction with the application of various photocatalysts [35-37]. Kang et al. studied
degradation under visible light using F-doped TiO: hollow nanocubes with oxygen vacancies [38].
After 60 min of irradiation, about 60% of organic contamination was degraded. A different approach
was presented by Colén et al. [39]. The titanium(IV) ox0Oide photocatalysts obtained from titanium
isopropoxide precursor were treated with different inorganic acids and then calcined in temperature
range from 400 to 800 °C. It was reported that such treatment was responsible for the generation of
oxygen vacancies on the surface of the photocatalysts. The highest photocatalytic activity was noticed
for pre-sulfated TiO: calcined in 600 °C [39]. Nevertheless, in the literature there is lack of information
concerning the photocatalytic activity of defective TiOz with titanium vacancies under visible or UV-
visible light in reaction of phenol degradation.

Therefore, in this study, we propose a simple method of preparation visible light active TiOz
with titanium vacancies obtained by a hydrothermal reaction in a suitable oxidizing environment
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(HIOs, H20z, and HNO:s). The most appropriate amount of used oxidant, as well as the durability of
generated titanium vacancies were investigated. The effect of introduced defectson physicochemical
and photocatalytic properties was studied. The obtained samples were characterized by X-ray
diffractometry (XRD), specific surface area (BET) measurements, UV-Vis diffuse reflectance
spectroscopy (DR-UV/Vis), photoluminescence spectroscopy (PL), X-ray photoelectron spectroscopy
(XPS), and electron paramagnetic resonance (EPR) spectroscopy. The photodegradation of phenol as
a model organic pollutant using the obtained photocatalysts was subsequently investigated in the
range of UV-Vis and Vis irradiation. Furthermore, the mechanism of phenol degradation and the role
of four oxidative species (h*, e, *OH, and *O:) in the studied photocatalytic process were
investigated.

2. Materials and Methods

Titania organic precursor: titanium(IV) butoxide (99+%) was provided by Alfa Aesar (Haverhill,
MA, USA). lodic acid (99.5%), nitric acid (68%), and hydrogen peroxide (30%) were purchased from
Sigma (Poznan, Poland) and were used for TiO: structure modification. Acetonitrile and
orthophosphoric acid (85%) for HPLC mobile phase preparation were provided by Merck
(Darmstadt, Germany) and VWR (Gdansk, Poland), respectively. Phenol, used as a model organic
recalcitrant pollutant in photocatalytic activity measurements, was purchased from VWR. All
reagents were used without further purification.

2.1. Preparation of Defective TiO: in the Presence of Different Oxidizing Agents

The preparation of defective TiO: was performed by a hydrothermal method and annealing
process. Titanium(IV) butoxide (TBT) was used as a TiO:z precursor, and iodic acid (HIOs), nitric acid
(HNO3), or hydrogen peroxide (Hz20z) was used as an oxidizing environment. First, an appropriate
amount of HIOs;, HNOs, or H20: (as mentioned in Table 1) was dissolved in 80 cm?® of distilled water.
After that, 10 cm® of TBT was added dropwise, and the obtained suspension was stirred for 1 h at
room temperature. In the next step, the suspension was transferred into a Teflon-lined autoclave for
thermal treatment at 110 °C for 24 h. The resultant precipitate was centrifuged, dried at 70 °C, and
then calcined at 300 °C. Calcination was carried out in two steps: with a heating rate of 3 °C-min! to
the temperature of 180° for 45 min, then with a heating rate of 2 °C-min! to the temperature of 300°
for 3 h. A series of defective TiOz photocatalysts with different content of used oxidants, calculated
as amount relative to TiOs, are presented in Table 1. For easier recognition of samples, TBT-HIO;,
TBT-HNO3, and TBT-H:0: names are assigned to defective photocatalysts obtained in the assistance
of HIO;, HNO;3, and H20: oxidants, respectively.

Table 1. The oxidant concentration used for preparation of the defective TiO:2 photocatalyst.

Sample Oxidant Concentration (mol%) Mass of Added Oxidant (g)

TiO:-TBT 0 0
TBT-HIO:_0.5 0.5 0.026
TBT-HIO:_5 5 0.258
TBT-HIOs_20 20 1.032
TBT-HIO:_50 50 2,579
TBT-HIO:_75 75 3.869
TBT-HIOs_100 100 5.159
TBT-HNO:_50 50 0.948
TBT- 50 1.65

In order to obtain the defective photocatalysts” series for their thermal stability test, TBT-
HIOs_20 was synthesized hydrothermally, as was reported in the previous paragraph. Further, the
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dry product was calcined in five different temperatures: 300 °C, 400 °C, 450 °C, 650 °C, and 1000 °C.
Calcination was carried out in two steps: with a heating rate of 3 °C-min' to the temperature of 180°
for 45 min, then with a heating rate of 2 °C-min"! to the set temperature for 3 h.

2.2. Characterization of Obtained Defective Photocatalysts

The XRD analyses were performed using the Rigaku Intelligent X-ray diffraction system
SmartLab (Rigaku Corporation, Tokyo, Japan) equipped with a sealed tube X-ray generator (a copper
target; operated at 40 kV and 30 mA). Data was collected in 20 range of 5-80° with a scan speed and
scan step of 1°min~' and 0.01°, respectively. The analyses were based on the International Centre for
Diffraction Data (ICDD) database. The crystallite size of the photocatalysts in the vertical direction to
the corresponding lattice plane was determined using the Scherrer’s equation with the Scherrer’s
constant equal to 0.891. Quantitative analysis, including phase composition with standard deviation,
was calculated using the reference intensity ratio (RIR) method from the most intensive independent
peak of each phase.

Nitrogen adsorption-desorption isotherms (BET method for the specific surface area) were
recorded using the Micromeritics Gemini V (model 2365; Norcross, GA, USA) instrument at 77 K
(liquid nitrogen temperature).

Light absorption properties were measured using diffuse reflectance (DR) spectroscopy in the
range of 200-800 nm. The bandgap energy of obtained samples was calculated from (F(R)-E)?> against
E graph, where E is the photon energy, and F(R) is the Kubelka-Munk function, proportional to the
radiation’s absorption. The measurements were carried out using ThermoScientific Evolution 220
Spectrophotometer (Waltham, MA, USA) equipped with a PIN-757 integrating sphere. As a
reference, BaSO: was used.

X-ray photoelectron spectroscopy (XPS) measurements were conducted using Escalab 250Xi
multi-spectrometer (Thermofisher Scientific, Walthman, MA, USA) using Mg K X-rays.
Photoluminescence (PL) spectra were recorded on a Perkin-Elmer LS 55 fluorescence spectrometer
(Waltham, MA, USA) employing Xenon discharge lamp equivalent to 20 kW as the excitation source.
The samples were excited at 250 nm in the air at room temperature. A 290 nm cut off filter was used
during measurements at range 300700 nm.

Electron paramagnetic resonance (EPR) spectroscopy was used for intrinsic defects formation
confirmation. Measurements were conducted using RADIOPAN SE/X-2547 spectrometer (Poznan,
Poland), operating at room temperature, with frequency in range 8.910984 8.917817 GHz.

Defective TiO2 photocatalysts morphology was determined by scanning electron microscopy
(SEM) equipped with energy-dispersive X-ray spectroscopy (EDS; HITACHI, S-3400N, Tokyo,
Japan).

2.3. Measurements of Photocatalytic Activity

Photocatalytic activity of the obtained samples was evaluated in phenol degradation reaction,
both in UV-Vis and Vis light irradiation, using 300 W Xenon lamp (LOT Oriel, Darmstadt, Germany).
For the visible light measurements, a cut-off 420 nm filter (Optel, Opole, Poland) was used to obtain
asettled irradiation interval. A 0.05 g (2 g-dm-3) of a photocatalyst, together with a 20 mg-dm-* phenol
solution, was added to a 25 cm? quartz photoreactor with an exposure layer thickness of 3 cm and
obtained suspension was stirred in darkness for 30 min to provide adsorption-desorption
equilibrium. After that, photocatalyst suspension was irradiated under continuous stirring and a
power flux of 30 mW-cm2 for 60 min. The constant temperature of the aqueous phase was kept at 20
°C using a water bath. Every 20 min of irradiation, 1.0 cm? of suspension was collected and filtered
through syringe filters (pore size = 0.2 pum) for the removal of photocatalysts particles. Phenol
concentration, as well as a formation of degradation intermediates, were analyzed using reversed-
phase high-performance liquid chromatography (HPLC) system 9 (Shimadzu, Kyoto, Japan),
equipped with C18 chromatography column with bound residual silane groups (Phenomenex, model
00F-4435-E0) and a UV-Vis detector with a DAD photodiodes array (model SPD-M20A, Shimadzu).
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The tests were carried out at 45 °C and under isocratic flow conditions of 0.3 mL-min-! and volume
composition of the mobile phase of 70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid.
Qualitative and quantitative analysis was performed based on previously made measurements of
relevant substance standards [40] and using the method of an external calibration curve.

Phenol removal percentage was calculated from the equation:

C,—C
D% = ——-100% (1)
Co

where:  Co—phenol initial concentration (mg-:dm~) and Ci—phenol concentration during
photodegradation (mg-dm-).

Rate constant k was determined from In(Co/Cn) against t plot where Co and Cn are phenol
concentrations (mg-dm-) and t is degradation time (min). Rate constant k is equal to the directional
coefficient “a” of the plot.

In order to evaluate the stability of obtained photocatalysts, three 3-hours-long subsequent
cycles of phenol under UV-Vis light with use of the most active defective TBT-HIO3_50 sample were
performed. After each cycle, photocatalyst was separated from the suspension with use of a syringe
filter and use in next cycle without additional treatment.

The effect of charge carrier scavengers was examined by addition into phenol solution 1 cm? of
500 mg-dm- of tert-butyl alcohol (t-BuOH), benzoquinone (BQ) ammonium oxalate (AO), and silver
nitrate (SN).

3. Results and Discussion

3.1. The Influence of Oxidizing Conditions on Defective TiO: Properties

As the first step, a series of three defective TiO: photocatalysts were obtained by the
hydrothermal method. The physicochemical characteristic of the obtained samples, including BET
surface area with pore volume, bandgap (Eg) and their images, compared with TiO>~TBT
photocatalyst, are presented in Table 2.

Table 2. Physicochemical characteristic of the obtained defective TiOz samples.

V Pores
Sample BET (m*g™) Eg (eV) Photo
(cm*g™)
R
TiO-TBT 169 0.0836 32 1
TBT-HIO:_50 166 0.0818 29
TBT-HNO:_50 198 0.0966 3.05
TBT-H202_50 174 0.0858 3.1

The XRD patterns for the as-obtained photocatalyst series are presented in Figure 1, while
detailed crystalline phases characteristic is given in Table 3. For pure TiO>-TBT sample, 95.5% of the
crystalline phase of anatase, with the most intense peak at 25° 20 was observed ([101], ICDD’s card
No. 7206075). After introducing to hydrothermal synthesis the oxidizing agent, the percentage of
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anatase decreased in favor of other titania polymorphs: brookite ([211], with the main peak at 31° 26,
ICDD’s card No. 9004138), and rutile ([110], with the main peak at 27° 20, ICDD’s card No. 9004141).
According to the previous study of Gamboa and Pasquevich [41], the presence of halogen ions
(chlorine, iodine, and bromine) affects rutile formation even below the anatase to rutile transition
(ART) temperature [42].

Nonetheless, the anatase crystallite size was about 5-6 nm. Changes in the crystalline phases did
not affect the BET surface area, which remained in the range of 166-198 m2g~ for TBT-HIO5_50 and
TBT-HNO:_50, respectively.

A

TBT-HNO,_50

TBT-H,0,_50

Intensity (a.u.)

TBT-HIO, 50

TBT-TIO,

15 25 35 45 55 65 75
2 Theta (deg)

Figure 1. XRD patterns for defective TiO: photocatalysts (A —anatase, B—brookite, and R—rutile).

Table 3. Crystalline phases characteristic for obtained defective TiOz.

Crystalline Size and Phase Content

Anatase Rutile Brookite

Sample Phase Phase Phase
Size (nm)  Content  Size (nm)  Content Size (nm) Content

(wt %) (wt %) (wt %)

TBT 5.97 +0.04 95.5+1 - - 61+0.5 45409

TBT-HIO: 50  5.70+0.04 68+3 9.08+0.17 3217 - -

TBT-HNO:_50  5.07 +0.03 8310 - - 4603 1722

TBT-H20:.50 5.69+004 7555 - - 57+03 24515

For optical absorption properties studies of the obtained defective TiO:; DR/UV-Vis
spectroscopy analyses were performed, and the results are presented in Figure 2. Comparing to pure
TBT-TiOz, the samples obtained in the oxidative environment had absorption spectra shifted towards
the visible light due to the creation of crystalline defects. After recalculation of spectra into the
Kubelka-Munk function, the Tauc transformation was used for bandgap energy determination, and
its values are presented in Table 2. For TBT-HNO3_50 and TBT-Hz0:_50, the bandgap energies were
comparable to pure TBT-TiO: bandgap energy and equaled 3.05 and 3.1 eV, respectively. The slightly
smaller value of 2.9 eV was reported for TBT-HIO:_50 photocatalyst. It could also be caused by a 30%
rutile content in the crystal structure of the photocatalyst [43].
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Figure 2. UV-Vis diffuse spectra for pure and defective TiO2
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For the direct confirmation of intrinsic defects formation in obtained titanium(IV) oxide
photocatalysts, EPR analyses were performed, and the results are presented as the signal intensity
against the g value graph (Figure 3). The Lande factor (g) was calculated from the equation:

where: g-Lande

_ hef :
B )

factor (a.u.); h-Planck’s constant (6.62:10-34; J-s); f-frequency (Hz); mB-Bohr

magneton (9.2740154-10-24; ]-T-1); and B-magnetic field induction (T).

900

700

500

300

Intensity
o
8

Figure 3. The

T Rt

—TBT

- TBT-HIO3_50

e TBT-H202_50
TBT-HNO3_50 g

g value

EPR spectra recorded in the room temperature for defective TiO: photocatalysts

in

d envi compared with pure TBT-TiO: sample (blue line).

For defective TiOz samples, an intense signal was noticed in the range of g from 1.998 to 2.003

for TBT-H20:_50

and TBT-HIO:_50 samples, respectively. According to the literature, it could be
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attributed to titanium vacancies (V) in titanium(IV) oxide structure [34,44,45]. This signal was not
observed for TBT-TiO: sample. Moreover, there were no signals in the range of g = 1.960-1.990 and
above 2.020, suggesting the absence of Ti* defects as well as oxygen vacancies [45,46].

The photocatalytic activity, together with physicochemical properties, are the most important
parameters for assessing the semiconductor utility in organic recalcitrant chemicals’ degradation. In
this regard, the series of UV-Vis and Vis light degradation reactions of phenol as a model pollutant
were performed in the presence of the obtained defective TiOz photocatalysts. The obtained results,
presented as the percentage of phenol degradation and degradation rate constant k, are shown in
Figure 4a,b.

a)
) mPhenol Vis  m Phenol UV-Vis b) wPhenol Vis m Phenol UV-Vis
TBT-HIO3_50 19 5 TBT-HIO3_50
TBT-HNO3_50 12 = TBT-HNO3_50
TBT-H202_50 = TBT-H202_50
8T s 8T
0 10 20 30 40 50 60 0 05 1 15
Degradation efficiency % Degradation rate constant k (mint - 10?)

Figure 4. Efficiency of phenol degradation in UV-Vis and Vis light for TBT-TiO: and defective TiOz
photocatalysts, presented as % of degradation (a) and rate constant k (b).

Comparing to pure TiO2 (TBT sample), two defective TiO2 photocatalysts, TBT-H202_50 and
TBT-HNO:_50, showed higher photocatalytic activity in UV-Vis light (52% after 1 hour of
irradiation). In turn, defective TBT-HIOs_50 obtained in the presence of iodic acid revealed in UV-Vis
light decrease of photoactivity, compared with reference TBT-TiO: (42% of phenol degradation).
Nonetheless, a different trend was observed under visible light range. TBT-HIOs_50, for which
photoactivity in UV-Vis light was the lowest when irradiated with the wavelength >420 nm, revealed
the highest phenol degradation efficiency, equaled to 19%. It results from the synergic effect of
anatase and rutile [47], and it is in agreement with the previously described shifting of the absorbance
spectrum maximum towards higher wavelengths (see in Figure 2). The TBT-TiO: sample (anatase
with a minority of brookite) showed negligible photocatalytic activity in the visible light range [48-
50].

For determining the mechanism of photocatalytic degradation with the use of defective TiOz,
series of UV-Vis light photoactivity analyses, in the presence of scavengers, were performed.
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. Obtained results, presented as phenol degradation rate constant k, in
comparison to the photodegradation process without scavengers, are presented in Figure 5.
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"OH scavenger

h* scavenger

(min-102)

no scavenger
e scavenger

‘0, scavenger

Phenol degradation rate constant k

T8T TBT-H202_50 TBT-HNO3_50 TBT-HIO3_50

Figure 5. UV-Vis photocatalytic degradation of phenol for defective TiO: photocatalysts in the
presence of e, h', *Oz, and *OH scavengers.

The most significant impact on phenol degradation reaction, with the use of defected TiOs,
revealed superoxide radicals. After introducing to the photocatalyst suspension of BQ, the phenol
degradation efficiency decreased significantly. A slight decrease was also observed when SN as an
electron trapping agent was used. On the other hand, the addition of AO and t-BuOH did not cause
diminishing of phenol degradation rate. Furthermore, for the TBT-TiO: sample, a slight increase in
photoactivity was noted after adding to the system scavenger of holes or hydroxyl radicals. It could
result from the additional in-situ formation of the reactive species on the photocatalysts’ surface [36].
Based on the study, a schematic mechanism of phenol degradation in the presence of defective TiO2
(sample TBT-HIOs) was proposed and illustrated in Figure 6.

For pure TiO2 the valence band (VB) and conduction band (CB) are located at +2.5 eV and -0.7
eV, respectively (in respect to normal hydrogen electrode NHE) [51]. After hydrothermal treatment
in oxidative conditions, titanium defects were created, which led to the narrowing of the bandgap to
the value of 2.9 eV. Irradiation of the TBT-HIO: surface with UV-Vis or Vis light caused exciting the
electron and, as a result, creating superoxide radicals. Subsequently, their reaction with phenol
promotes creating intermediate products, such as hydroquinone (HQ) and benzoquinone (BQ),
whose presence was confirmed using HPLC analysis. Benzoquinone and hydroquinone
concentration in irradiated solution reached equilibrium due to electron and proton transfer and
reversible oxidation/reduction process between these two intermediates. Hydroquinone could also
be accumulated during the process due to sequential charge transfer [52].

0,
1 [_-0.7 ¢V Conduction Band 3 (
-0;

uv

OH OH o

E vs NHE (eV)
2
29V
e

/
{
i
2
3

Phenol OH o
2 o1
L] ICY GV K Defects Hydroquinone Benzoquinone
+2.5 eV Valence Band
3
Figure 6. Schematic ill ion of phenol degradation mechanism in the presence of defective TBT-

HIO: photocatalyst.
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However, after approximately 40 min of continuous irradiation, intermediates concentration started
to decrease to more simple and more-quickly oxidizable compounds, consequently leading to
complete mineralization. The presented mechanism is in good agreement with the literature [40,53].

3.2. The Effect of HIOs Content on Defective TiO: Physicochemical and Photocatalytic Properties

The selected in the previous step HIO: as an oxidant for preparation of defective TiO: was further
used in six different quantities (from 0.5 to 100 mol % to TiOz) for study the effect of oxidant amount
on titanium vacancies formation. General physicochemical characteristics of the obtained defective
TiO2-HIOs samples, i.e., BET surface area, pore volume, calculated bandgap (Eg), and their images
are shown in Table 4.

Table 4. Physicochemical ch istic of the obtained defective TiO:-HIO; samples.
V Pores
Sample BET (m*g) Eg (ev) Photo

(cmg7)

.

=

TBT 169 0.0836 32 d
Ml
TBT-HIO:_0.5 155 0.0764 3.0 oy

TBT-HIO:_5 153 0.0754 28
TBT-HIOs_20 172 0.0847 27
TBT-HIO:_50 166 0.0818 29 ‘
TBT-HIO:_75 167 0.0826 29
TBT-HIO:_100 146 0.0726 3.0

Based on the obtained results, it was found that changing of the HIOs concentration does not
significantly affect the BET surface area of defective TiO:-HIO: photocatalysts. Among the obtained
samples, TBT-HIOs_20 showed the highest specific surface area of 172 m?.g™ and the highest total
pore volume of 0.0847 cm*g'.

The XRD patterns of TBT-TiO:z and defective TiO:-HIO: obtained with a different dosage of iodic
acid are presented in Figure 7. The percentage of phases and the size of crystallites are given in Table
5. All photocatalysts contain anatase in their structure, with the most intense peak at 25° 20 ([101],
ICDD’s card No. 7206075). Among the defective TiO-HIOs photocatalyst series, TBT-HIOs_20
exhibited the smallest size of anatase crystallites (5.1 nm based on the Scherrer's formula) and was
characterized by the highest anatase phase content of 96.4%. The most stable titanium(IV) oxide
polymorphic phase, rutile, occurs when the mol.% of iodic acid taken as an oxidant reached 50 mol%.
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Simultaneously, the intensity of the primary rutile signal at 27° 20 ([110], ICDD’s card No. 9004141),
increased significantly with the increase of iodic acid dosage for samples TBT-HIO:_50, TBT-HIO3_75,
and TBT-HIO:_100. It is known that for an unmodified sample, anatase to rutile transition takes place
at temperatures above 600 °C [54]. Obtained TBT-HIOs samples calcination was carried out at 300 °C.
On this basis, it could be assumed that the high content of HIOs may disturb the TiOz anatase
crystalline structure, therefore promoting the low-temperature formation of rutile. It is in agreement
with the study of Hanaor and Sorrell [55], which reported that impurities, dopants, and defects
influence anatase to rutile transition (ART) kinetics.

Intensity (a.u.)

TBT-HIO, 0.5
} \ o~ P -~ TBT
15 25 35 45 55 65 75
2 Theta (deg)

Figure 7. XRD patterns for defective TiO2-HIOs photocatalysts (A-anatase, B-brookite, and R-
rutile).

Table 5. Crystalline phases characteristic for the obtained defective TiO»-HIOs samples.

Crystalline Size and Phase Content

Anatase Rutile Brookite
Sample
Phase Content Phase Content Phase Content
Size (nm) Size (nm) Size (nm)
(Wt%) (wt%) (wt%]
TBT 597 +0.04 9551 - - 6103 4509
TBT-HIO:_0.5  6.09 +0.03 861 = - 5.50 £0.19 14£15
TBT-HIO;_5 5.43 +0.03 89+05 - - 52102 11
TBT-HIO: 20  5.14+0.03 96 +1 - - 40+06 3505
TBT-HIO: 50  5.70 +0.04 6835 9.08+0.17 3217 - -
TBT-HIO: 75  5.67 +0.05 205+35 6.57 +0.09 7+1.8 - -
TBT-HIO;_100  63+02 15+35 7.45+0.06 85+1 - -

J—

The UV/Vis diffusion reflectance spectra of pure TiOz and defective TiO>-HIO: obtained with a
different dosage of iodic acid are presented in Figure 8a. The pure TiO: absorbs radiation up to 400
nm. For titanium(IV) oxide samples obtained in the presence of HIO: as an oxidant, the absorption
edge shifted to the visible region. It corresponds to the yellow colour of these samples and indicates
the bandgap narrowing due to changes in electronic structure in TiOz. The most significant shift of
absorbance maximum was noticed for TBT-HIO: 50, TBT-HIO:_75, and TBT-HIOs_100
photocatalysts. It corresponds well with previously analysed XRD spectra. For iodic acid content of


http://mostwiedzy.pl

-
7 -

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

Materials 2020, 13, 2763 120f25

50 mol% and higher, rutile phase is starting to dominate as a titanium(IV) oxide most stable
polymorph, which could also affect absorbance spectra shifting [56]. The energy bandgaps of all
samples were calculated from the plot of (Kubelka-Munk-E)’s versus E, where E is energy equal to
hv, as shown in Figure 8b and summarized in Table 4. The sample TBT-HIO:_20 exhibited the
narrowest bandgap of 2.70 eV among the defective TiO2_HIOs photocatalysts.

a) 1s8

«—— Anatase gl
TBTHIO, 20
— TBTHIO, 100

138

Rutile
118

098
g
€
H
£ o7
2
3
<
0s8 -
TBT-HIO, 05
TBT-HIOL S
038 TBT-HIO, 20
— TBT-HIO, 50
TBT-HIO,_75
018 TBT-HIO,_10
0.00
200 300 400 500 600 700 800

Wavelength (nm)

Figure 8. The diffuse reflectance (DR)/UV-Vis spectra for pure TiO: and defective TiO:-HIO:
photocatalysts (a) together with exemplary Tauc transformation (b).

For further confirmation of creating titanium vacancies, EPR analyses for the selected samples
(TBT-HIO:_20, TBT-HIO3_50, and TBT-HIOs_75) were performed. The obtained results, compared
with spectra for TBT-TiO: are presented in Figure 9.

900 —TBT
700 s TBT-HIO3_20

500 w TBT-HIO3_50

300 TBT-HIO3_75 §=199%8
N
100

-100

Intensity

-300

-500

195 196 197 198 199 2 2,01 2.02 203 2.04 2.05

gvalue

Figure 9. The EPR spectra recorded in the room temperature for selected defective TiO2-HIOs
photocatalysts, compared with the pure TiO>~TBT sample (blue line).
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As it was reported in the previous subsection, for defective TiO2 photocatalysts obtained in a
different oxidative environment, the intense signal attributed to titanium vacancies (V) appeared in
the range of g from 1.998 to 2.001 for TBT-HIO:_20 and TBT-HIO:_50 samples, respectively. No
additional signals were detected. It is also worth noting that the Vi signal increased with the increase
of the iodic acid mol% used for the synthesis of defective TiO. It could suggest that more intrinsic
defects are formed after oxidant concentration increase. Moreover, the presented trend was inversely
proportional to the observed light absorbance spectra in the range of 400-500 nm (see in Figure 8).
For the TBT-HIO:_20 photocatalyst, visible light absorption was the highest, while for TBT-HIOs_75,
the lowest, which indicated that too high concentration of defects could also have a negative impact
on TiO:z photocatalytic activity. Titanium vacancies formation was also analyzed by Li et al. [57] and
Ma et al. [58]. Obtained hydroxyfluorinated and lithium intercalated defected TiO:-based
photocatalysts were characterized by cationic vacancies, which successfully could work in the
electrochemical applications.

The photoluminescence spectra of irradiated semiconductor materials give information on
electron-hole recombination properties. Figure 10 shows normalized PL spectra of the pure TBT-TiOz
as well as defective TBT-HIO:_5, TBT-HIO:_20, TBT-HIO:_50, TBT-HIOs_75, and TBT-HIO:_100
photocatalyst samples. The excitation was carried out at 250 nm at a room temperature. The PL
emission of maximum intensity in the high-energy region was observed at 400 nm for all samples,
which was equal to 3.10 eV. It corresponds to indirect band-to-band recombination across the
bandgap [59]. Other emission peaks in the visible light region were detected at 485 nm (2.56 eV) and
530 nm (2.24 eV). The emission in the 380-700 nm range could be assigned to the transition of
electrons from the defect states to the valence band of titanium(IV) oxide [60] as well as trapped holes
[59]. The emission in the blue region at 480 nm is related to indirect recombination via defects [60].

o T8T
TBT-HIO, 75
TBT-HIO, 20

_ TBT-HIO, 100
2 | TBT-HIO, 50

s = TBT-HIO, 5
z

e

g

£

5

&

300 350 400 450 500 550 600 650 700

Wavelength (nm)
Figure 10. Photoluminescence (PL) spectra for defective TiO2-HIOs samples.
In order to evaluate the surface properties and the state of elements, the XPS analyses were

performed. The obtained results for the selected samples are presented in Figure 11a-d and in Table
6.

Table 6. Fraction of oxidation states of Ti as well as surface composition of the selected defected TBT-
HIO:s photocatalysts determined by X-ray photoelectron spectroscopy analysis.

R
¢ 12p 00 e
Tit  Tiv

Photocatalys
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TBT-HIOs 20 2756 09 7154
TBT-HIO:_100 2747 0 72.54
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Figure 11. Deconvolution of X-ray photoelectron spectroscopy (XPS) spectra for Ti 2ps2 and 2pi2 for
TBT-HIO3_20 (a,b) and TBT-HIO:_100 (c,d).

The Ti 2p spectrum could be deconvoluted into two components at 459 eV and 465 eV binding
energies that refer to Ti 2paz and 2pip, respectively. Ti 2paz after deconvolution could be divided into
459.0 eV and 459.5 eV peaks and identified as Ti*, resulting from the presence of anatase and rutile,
respectively. For sample TBT-HIO:_20 a trace quantity (0.9 at.%) of Ti* was observed, which could
be assigned to oxygen vacancies [61]. However, apart from this sample, there was no Ti* signal
observed, suggesting the lack of reduced form of titanium as well as oxygen vacancies. The presented
XPS titanium peaks corresponding to both anatase and rutile correlate with XRD analysis. Together
with the increase of HIOs oxidant amount used for the synthesis, the rutile content increase, which is
also clearly visible in the presented spectra. The Ti/O ratio for all analyzed photocatalysts was
equaled to 0.38. It suggests no surface and state of elements change between TBT-HIO: samples.

For final evaluation, since the synthesized photocatalysts do not have admixtures but their color
as well as physicochemical and photocatalytic properties arise from created intrinsic defects the
region I 3d was analyzed to check the presence of iodine species in the obtained samples. The results
are presented in Figure 12.
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Figure 12. XPS analyses spectra for TBT-HIO:_20 sample (a) with the I 3d states binding energy
enlargement (b).

As mentioned in the literature [62-64] I 3d states are in the range of 620-635 eV. However, as it
could be seen in Figure 12b, there is no peak, which could be assigned to I 3d states. In this regard,
for TBT-HIOs samples changes in physicochemical and, what is the most important, photochemical
properties are caused by intrinsic defects, not titania doping with impurities.

In order to evaluate morphological differences among the obtained defective TiO:
photocatalysts, the SEM analysis for selected samples was conducted, and the results are presented
in Figure S1 in the Supplementary Materials. It was found that both samples are formed from
aggregated particles. However, it is noticeable that aggregates of TBT-HIOs_50 had a much smaller
size, comparing to the TiO:-TBT photocatalyst, although no differences were determined in
crystalline sizes or the BET specific surface area.

The photocatalytic activity of defective TiO>-HIO; samples was evaluated in the phenol
degradation reaction, both in UV-Vis and Vis (A > 420 nm) light. Simultaneously, the effect of e-, h*,
*Ox, and "OH scavengers’ presence on photoactivity was studied. The results, presented as the
efficiency of phenol removal (%) as well as phenol degradation rate constant k are presented in Figure
13a,b and Figure 14.

a) b)
w Phenol Vis  ® Phenol UV-Vis

® Phenol Vis  ® Phenol UV-Vis

TBT-HIO3_100 TBT-HIO3_100
TBT-HIO3_75 TBT-HIO3_75
TBT-HIO3_50 TBT-HIO3_50
TBT-HIO3_20 TBT-HIO3_20
TBT-HIO3_5 TBT-HIO3_S
TBT-HIO3_0.5 TBT-HIO3_0.5
T8T T8T
0 10 20 30 40 50 0 02 04 06 08 1 12
Degradation efficiency %

Degradation rate constant k (min ! - 10?)

Figure 13. Efficiency of phenol degradation in UV-Vis and Vis light for defective TiO:-HIOs

p lysts, p d as % of degradation (a) and rate k (b).

The best photocatalytic activity was obtained for the defective TBT-HIO3_50 sample. After 60
min of irradiation, about 42% of phenol was degraded in UV-Vis and 19% in Vis light. It may also be
noticed a characteristic normal distribution of the obtained results, where maximum falls on 50 mol%
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of iodic acid. Both smaller and higher concentrations of oxidant used in hydrothermal synthesis
process caused a decrease in obtained TBT-HIOs photoactivity.

The obtained photodegradation efficiency results correlate well with photoluminescence (PL)
spectra, UV-Vis spectra, and EPR spectra analyses. From the three analyzed samples (TBT-HIO;_20,
TBT-HIO:_50, and TBT-HIOs_75), the most intense EPR signal was assigned to defective TBT-
HIO:_75, where the highest concentration of oxidant (75 mol%) was used. From the PL spectra
analysis, the TBT-HIO:_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 of a concentration of defects in the TiO: structure could
significantly decrease the photocatalytic activity of the defective material. The presented results also
correlate with the crystalline structure of the obtained materials. With the increase of the HIOs
concentration, the rutile content was increased (up to 80% for the TBT-HIO:_75 photocatalyst).
According to the literature, too high rutile concentration could also be responsible for decreasing of
the TiOz photocatalytic activity [65].

The addition of BQ as an *O> scavenger caused a significant reduction of photoactivity of all
obtained TBT-HIOs photocatalysts, regardless of the used HIO: concentration for their synthesis. It
indicated that superoxide radical anions are the most crucial reactive oxygen species in the
photocatalytic reaction with the use of defective TBT-HIO: samples. After introducing to the
photoreactive SN, AO, and t-BuOH, the changes of the phenol degradation rate constant k,
comparing to the process without scavenger, were negligible.

16
14
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in?-102)
-

08
=06

mi

‘OH scavenger
h* scavenger

Nno scavenger

e~ scavenger

'0,” scavenger

04

Phenol degradation rate constat k

02

Figure 14. UV-Vis photocatalytic degradation of phenol for TiOz-HIOs photocatalyst in the presence
of e7, ht, *Or, and *OH scavengers.

The physicochemical and surface properties of the most active defective TiOz photocatalyst
(TBT-HIOs_50) was analyzed before and after 1 hour of phenol degradation process in the presence
of UV-Vis irradiation to confirm the photocatalyst stability. The obtained results are presented in
Figures S2-54 and in Table S1 in the Supplementary Materials. The additional XPS as well as XRD
analysis showed, that after 1 hour of degradation process the physicochemical properties, e.g.,
crystalline size and surface composition did not change. Moreover, both TBT-HiO:_50 samples
showed also a similar FTiR spectra (see in Figure S3) with a broad band at 3450-3050 cm! attributed
to the stretching mode of the hydroxyl group on the TiO: surface. The Ti-O bending mode and
deformative vibration of the Ti-OH stretching mode may be observed at 498-463 cm* and 1629 cm!
respectively. The band at 1629 cm-' may be attributed to water adsorbed on the TiO: surface.
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Final stability and reusability test of defective TBT-HIOs_50 photocatalyst was performed in
three 3-hours-long subsequent cycles of phenol degradation under UV-Vis light. The obtained results
are presented in Figure 15.

1.0 X

09 k=0.8102 min! k=0.75-10% min* \. k=0.75107 min!
0.8 \

0.7

c/c
o
&

s

02 \ N
0.1
0.0
0 3 6 9
Irradiation time (h)
1st cycle 2nd cycle 3rd cycle

Figure 15. Efficiency of UV-Vis phenol degradation in the presence of a defective TBT-HIO:_50
photocatalyst d in the three subseq cycles.

After 9 h of irradiation, the percentage of degraded phenol was 80%, which is almost equal to
photodegradation efficiency after 3 h (82%). A slight drop in the rate constant k could be seen (from
k = 0.8x 10 min" after first cycle to k = 0.75-x 102 min! after the second and the third cycle).
However, the analysed photocatalyst still revealed good stability and reusability.

3.3. The Effect of Thermal Treatment on Defective TiO>-HIOs Physicochemical and Photocatalytic Properties

Further, the investigation on defective photocatalysts concerned with the thermal stability of
TiO»-HIOs samples was undertaken. A series of five TiO2-HIOs photocatalysts, calcined in different
temperatures from 300 to 1000 °C was obtained. As a reference, as characterized earlier, the TBT-
HIOs_20 photocatalyst was used, named as TBT-HIOs_20_300, as it was calcined at 300 °C. General
physicochemical characteristics of the obtained defective TiO2-HIOs_T samples, i.e., BET surface area,
pore volume, calculated bandgap (Eg), and their images are shown in Table 7.

Table 7. Physicochemical characteristic of the obtained defective TiO2-HIO:_T samples.

V Pores
Sample BET (m*g™) Eg (ev) Photo
(em*g™)
Fn
TBT 169 0.0836 32 &,
TBT-HIOs_20_300 172 0.0847 27
TBT-HIOs_20_400 88 0.0432 2.85
TBT-HIOs_20_450 48 0.0236 29
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TBT-HIO:_20_650 0.7 0.0003 29

TBT-HIOs_20_1000 0.4 0.0002 28

The addition of HIO:s to the reaction environment had a negligible effect on changing the BET
surface area as well as particles and crystallites sizes. Nonetheless, increasing the calcination
temperature by 100 °C led to a 50% surface area decreasing (from 172 to 88 m>g* for TBT-
HIO:_20_300 and TBT-HIO:_20_400, respectively). Further increasing of the thermal treatment up to
1000 °C caused the decrease of the BET surface area to 0.4 m2g.

Changes in the BET surface area correlate well with differences noted on the XRD patterns for
TBT-HIO:_T samples, presented in Figure 16. The higher the calcination temperature, the more
intense the XRD diffraction peaks, which resulted from the increase in photocatalysts crystallinity
[66]. Other changes concern crystallites growth (for anatase: from 5 to 12 nm TBT-HIO:_20_300 and
TBT-HIO:_20_450, respectively and for rutile: from 17 to 53.5 nm for TBT-HIOs_20_400 and TBT-
HIO5_20_1000, respectively) as well as the anatase to rutile phase transition. No rutile phase was
present in TBT-HIO_20_300 photocatalyst, while its content increased rapidly as the calcination
temperature increased until it reached 100% at T = 650 °C. As mentioned before, the anatase to rutile
transition takes place in about 600 °C. However, the introduction to crystal structure various types of
defects promotes this transformation at lower temperatures [67].

The detailed information about crystallite sizes and phase contents presented with standard
deviation are given in Table 8.

R
R
R
3
&
>
) R
R 5
£ R 1 R RR R
. B A ) LA A TBT-HI0; 20_100
A J N TBT-HIO, 20_650
ATBT-HIO,_20_450
TBT-HIO,_20_400
/\ TBT-HIO, 20_300
AN T8T
15 25 35 a5 55 65 75

2 Theta (deg)

Figure 16. XRD patterns for defective TiO>-HIOs_T photocatalysts (A-anatase, B-brookite, and R-
rutile).
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Table 8. Crystalline phases characteristic for the obtained defective TiO-HIO:_T samples.
Crystalline Size and Phase Content
Anatase Rutile Brookite
Sample " = -
Size Phase Content Size Phase Content Size Phase Content
(nm) (Wt%) (nm) (wt%) (nm) (wt%)
TBT 57 95541 - | 6103 4521
0.04 h ) i )
TBT- 514+
HIOs_20_300 0.03 96+1 - - 40+0.6 4+05
TBT- 834+ 174+
HIO;_20_400 0.05 305 02 R0 . .
TBT- 1213 + 2251
HIOs_20_450 0.09 00> 0.19 E05 - B
TBT- 403+
HIO_20_650 . . 03 10003 : .
TBT- 535+
HIO: 20_1000 i . 0.3 10005 . i
Shifting of the absorption maximum on DR/UV-Vis spectra for defective TiO>-HIO:;_T samples
(Figure 17) was mostly related to the anatase to rutile phase transition. It was mentioned by Valencia

et al. [68] that anatase bandgap is equal to 3.23 eV, while rutile from 3.06 to 3.10 eV. From Tauc

transformation,

bandgap values forr TiO2-HIOs_T photocatalysts were calculated and are in the range

from 2.7 to 2.9 eV. Despite the changes in photocatalysts phase contents a slight decrease in bandgap
value, in response to TiOz, could be caused by defects formation in the crystal structure [69].

1

09
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07

06

05

Absorbance

04

03

0.2

TBT

TBT-HIO,_20_400
TBT-HIO,_20_450

TBT-HIO, 20_300

TBT-HIO, 20_1000

TBT-HIO;_20_650

200 250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 17. UV-Vis diffuse spectra for pure TiOz and defective TiO-HIO:_20_T photocatalysts calcined
in different temperatures.

Similarly to TBT-HIOs photocatalysts, TBT-HIOs_20_T samples’ surface properties, as well as
the state of elements, were analyzed using XPS analysis. The obtained results are presented in Figure
18a-f and Table 9.
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Table 9. Fraction of oxidation states of Ti as well as surface composition of selected defected TBT-
HIO3_20_T photocatalysts determined by X-ray photoelectron spectroscopy (XPS).

Photocatalyst Tizp ) 01s (%)
Ti¢* T
TBT-HIO:_20_300 27.56 0.9 71.54
TBT-HIO:_20_400 2799 0 72.01
TBT-HIO; 20450 2843 0 7158

States of elements for thermally treated TBT-HIOs_20_T are identical as for previously described
TBT-HIO: samples. Oxygen vacancies are not detected, except TBT-HIOs_20_300 photocatalyst with
0.9 at.% of Ti** form. Observed deconvoluted spectra for Ti 2ps2 and 2pi2 corresponded well with
XRD analysis and showed the anatase-rutile transition.

20000 [y 8000
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(@ A A
15000 6000
£ 10000 £ 4000 /
& 2 /
53 < .
5000 2000
=
0 0
457 459 461 462 464 466 468
Binding energy (eV) Binding energy (V)
6000 —m—————— 6000
(©) [ JTi% A
12000
= — 4000 \ 2 TR
9 © 2000
4000
0 0
457 458 459 460 461 462 462 464 466 468
Binding energy (eV) Binding energy (eV)
18000
15000
~ 12000
£ 9000
2
© 6000
3000
0

Binding energy (eV)

Binding energy (V)
Figure 18. Deconvolution of X-ray photoelectron spectroscopy (XPS) spectra for Ti 2ps2 and 2pi2 for
TBT-HIO:_20_300 (a,b), TBT-HIOs_20_400 (c,d) and TBT-HIO:_20_450 (e, f).

For the final evaluation, photocatalytic activity tests for TiO-HIO3_20_T samples in the phenol
degradation reaction, both in UV-Vis and Vis (A > 420 nm) light, were performed. Simultaneously,
the effect of e, h*, *Or, and *OH scavengers’ presence on photoactivity was studied. Results,
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presented as phenol removal in % as well as phenol degradation rate constant k, are presented in
Figure 19a,b and Figure 20.

According to the literature, the optimum calcination temperature for iodine-doped
photocatalysts is between 300 and 400 °C, with the temperature of 300 °C preferred when potassium
iodide is used as an iodine precursor, while 400 °C when iodic acid is applied as a precursor [70,71].
Above these temperatures, the photoactivity of prepared materials decreased significantly.
Nonetheless, for TBT-HIO: defective photocatalysts, where iodic acid was used as an oxidative
environment for titanium vacancies generation, the highest efficiency in phenol degradation reaction
was noticed for sample calcined in 450 °C (57% of phenol removal after 1 h of UV-Vis light
irradiation). Moreover, the yellow color of the sample was maintained even after calcination at 1000
°C (see in Table 7). It suggests that the obtained intrinsic defects in the crystal structure of TiOz were
stable even in higher calcination temperatures. A slightly different situation was observed when
photoactivity tests were carried out in the visible light. Apart from TBT-HIOs_20_300 photocatalyst,
all samples showed negligible efficiency in phenol degradation reaction. However, this could be
caused by increasing rutile phase content in the photocatalyst structure [72].

a) b)

® Phenol Vis ~ m Phenol UV-Vis

= Phenol Vis  ® Phenol UV-Vis

TBT-HIO3_20_1000 TBT-HI03_20_1000 (uuQOkumu 0.45
TBT-HIO3_20_650 TBT-HI03_20_650 s 052
TBT-HIO3_20_450 TBT-HI03_20_450 w_us
TBT-HIO3_20_400 TBT-HIO3_20_400 I-%JB—-— 1.01
TBT-HI03_20_300 TBT-HI03_20_300 ol 0.79
TeT e Q
0 10 20 30 40 50 60 0 05 1 15
Degradation efficiency % Degradation rate constant k (min - 102)

Figure 19. Efficiency of phenol degradation in UV-Vis and Vis light for defective TiO-HIOs_20_T
photocatalysts, presented as % of degradation (a) and rate constant k (b).
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Figure 20. UV-Vis photocatalytic degradation of phenol for TiO:-HIO3_20_T photocatalysts in the
presence of e, h', *Oz7, and "OH scavengers.
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For TiO»-HIOs_20_T photocatalysts, there was no difference in mechanistic studies as compared
to the previously discussed defected TiO: series. The superoxide radical anions remained the most
crucial for the phenol degradation reaction, while the addition of ammonium oxalate, tert-butyl
alcohol, and silver nitrate as scavengers did not affect the photoactivity.

4. Conclusions

Hydrothermal treatment in the presence of an oxidative environment led to titanium vacancies
generation in the structure of TiOz. Created intrinsic defects caused yellow coloration of titania, while
at the same time, absorption of semiconductor was shifted to visible light as well as bandgap was
reduced to 2.9 eV. Among studied oxidants, defective TiO: samples obtained in the presence of iodic
acid were characterized by the highest phenol degradation efficiency in visible light. In-depth
analysis, including EPR and XPS measurements, confirmed that increasing in photoactivity,
compared to pure material, is directly caused by defects, not by doping. Further analysis regarding
the optimum amount of HIO: as well as the thermal stability of synthesized defected TiO:-HIOs
photocatalysts, showed that from 20 to 50 mol% of oxidant added to hydrothermal reaction is capable
of creating material with a great photoactivity and no loss in photoactivity up to 450 °C.

Supplementary Materials: The following are available online at www.mdpi.com/1996-1944/13/12/2763/s1,
Figure S1: SEM analysis of pure TiO2-TBT (a,b) and defective TBT-HIO3_50 (c,d) photocatalysts, Figure S2:
Deconvolution of X-ray photoelectron spectroscopy (XPS) for Ti 2p3/2 and O 1s for TBT-HIO3_50 before (a,b)
and after phenol photodegradation (c,d). Figure S3: XRD patterns for defective TBT-HIO3_50 photocatalyst
before and after a photocatalytic phenol degradation (A-anatase, R-rutile). Figure S4: Fast-Fourier
transformation  spectroscopy (FTIR) spectra of defective TBT-HIO3_50 before and after phenol
photodegradation. Table S1: Fraction of oxidation states of Ti as well as surface composition of defective TBT-
HIO3_50 photocatalyst before and after phenol degradation.
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Abstract: In the presented work, for the first time, the metal-modified defective titanium(IV) oxide
nanoparticles with well-defined titanium vacancies, was successfully obtained. Introducing platinum
and copper nanoparticles (NPs) as surface modifiers of defective d-TiO; significantly increased the
photocatalytic activity in both UV-Vis and Vis light ranges. Moreover, metal NPs deposition on the
magnetic core allowed for the effective separation and reuse of the nanometer-sized photocatalyst from
the suspension after the treatment process. The obtained Fe304@SiO,/d-TiO,-Pt/Cu photocatalysts
were characterized by X-ray diffractometry (XRD) and specific surface area (BET) measurements,
UV-Vis diffuse reflectance spectroscopy (DR-UV/Vis), X-ray photoelectron spectroscopy (XPS) and
transmission electron microscopy (TEM). Further, the mechanism of phenol degradation and the role of
four oxidative species (h*, e”, *OH, and *O, ") in the studied photocatalytic process were investigated.

Keywords: titanium vacancies; phenol degradation; scavengers; magnetic photocatalysts;
platinum-modified defective TiO,

1. Introduction

In recent years, among wastewater treatment and environmental remediation technologies,
photocatalysis has gained attention as a promising technique for the degradation of persistent organic
pollutants at ambient temperature and pressure [1-4]. Pilot scale-installations for water treatment
using photocatalysis are more and more popular among the world [5,6]. The structural and surface
properties of photocatalysts significantly influence their physicochemical and photocatalytic properties.
In this regard, one of the most important issues in the photocatalytic process is the preparation of
well-characterized and highly active photocatalytic material.

Titanium(IV) oxide (TiO,), the most widely used semiconductor in photocatalysis, is extensively
exploited to obtain highly photoactive in UV-Vis range semiconductor material. The TiO; nanoparticles
differing in size and surface area. Nonetheless, despite different morphology and polymorphic
composition, all pristine titanium(IV) oxide particles own wide bandgap energy (Eg), which differs in
the range of 3.0-3.2 eV, for rutile and anatase, respectively [7]. In this regard, TiO, photoexcitation
is possible only with UV irradiation (A < 388 nm), and therefore the application of solar radiation is
highly limited.

Catalysts 2020, 10, 672; doi:10.3390/catal10060672 www.mdpi.com/journal/catalysts
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Much effort has been done to shift TiO; excitation energy to longer wavelengths, especially in
visible light range (400-750 nm). Among various methods [8-10], surface modification with noble and
semi-noble metals is the most widely used and effective method. Wysocka et al. [11] obtained mono-
(Pt, Ag, and Cu) and bimetal- (Cu/Ag, Ag/Pt, and Cu/Pt) modified TiO, photocatalysts, where TiO;
matrix was commercially available STO1 (fine anatase particles). Metal ions were reduced using
the chemical (NaBHj solution) as well as thermal treatment methods. Klein et al. [12] prepared
TiO,-P25 modified with Pt, Pd, Ag, and Au using radiolysis reduction. Obtained photocatalysts
were further immobilized on the glass plate and used for toluene removal from the gas phase.
Moreover, Janczarek et al. [13] proposed a method of obtaining Ag- and Cu-modified decahedral
anatase particles (DAP) by photodeposition. Wei et al. [14] reported that selective deposition of
nanometals (Au/Ag nanoarticles) on (001) facets of decahedral anatase particles (DAP), together with
octahedral anatase particles (OAP) result in significant photocatalytic process improvement under
visible light irradiation.

Another possibility of titania visible light activation is the introduction of intrinsic defects to its
crystal structure. Titanium or oxygen vacancies and surface disorders led to changes in electronic and
crystal changes, resulting in better electrons and holes separation and even bandgap narrowing [15].
Defected TiO; is often evidenced by their color: pale blue for oxygen vacancies (due to d-d transitions
of bandgap states) and yellow for titanium vacancies (consumption of free electrons and holes),
which also suggest shifting its light absorption to the visible light range [15].

Nevertheless, TiO; particle size and shape determine not only the number of active sites but
also separation and reusability properties. Commercially available titanium(IV) oxide—P25 forms
a stable suspension due to its nanometric sizes, which cause the detached process to be highly
expensive and energy-consuming [16,17]. The immobilization of nanoparticles on solid substrates [15]
could, in turn, result in a decrease in photocatalytic activity due to significantly reducing specific
surface area [19,20]. Alternative way of photocatalyst separation is its deposition on magnetic
compound, such as Fe304 [21,22], CoFe;0y4 [23], ZnFe;04 [24], and BaFe;;049 [25]. Along with
using magnetic materials, the percentage of photocatalyst recovery and the possibility of its reuse
significantly increase [26-29]. However, the direct contact of ferrite particles with photocatalyst
(e.g., TiOy) may result in unfavorable electron transfer from TiO; into the magnetic compound,
causing its transformation and photocorrosion [26]. Thus, their separation with an inert interlayer of
silica [26-31] or carbon [32] could effectively prevent the charge carriers recombination. In this regard,
the magnetic Fe304@SiO,/TiO; nanocomposites with a core-shell structure, where the core was Fe30y,
the photoactive shell was TiO,, and silica was used as an inert interlayer, are a relatively new and
promising group of composite materials.

The previous studies focused on the preparation and characterization of noble metal NPs modified
with different titania matrices [33,34], as well as TiO, nanoparticles deposited on various magnetic
cores (Fe30y4, CoFe;03, and ZnFe,04) [26-29]. However, in the literature, there is a lack of complex
researches on the correlation between structural defects and TiO, modification with different materials
(metal nanoparticles or other oxides).

In this regard, deeply characterized defective d-TiO, with stable titanium vacancies, obtained
by a simple hydrothermal method was further modified with Pt and Cu nanoparticles as
well as deposited on the magnetite core. The obtained samples were characterized by X-ray
diffractometry (XRD), specific surface area (BET) measurements, UV-Vis diffuse reflectance spectroscopy
(DR-UV/Vis), X-ray photoelectron spectroscopy (XPS), and transmission electron microscopy
(TEM). The photodegradation of phenol as a model organic pollutant in the presence of the
obtained photocatalysts was subsequently investigated in the range of UV-Vis and Vis irradiation.
Further, the mechanism of phenol degradation and the role of four oxidative species (h*, e, *OH,
and *0,") in the studied photocatalytic process were investigated.
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2. Results

2.1. Physicochemical Characterization of d-TiO-Pt/Cu and Magnetic
Fe30,@Si0,/d-TiO,-Pt/Cu Photocatalysts

The preparation of d-TiO, photocatalysts was based on the hydrothermal method in the oxidative
environment (addition of 20-75 mol% of HIO3). The electron paramagnetic resonance (EPR) analysis
confirmed the presence of titanium vacancies with g value of 1.995 after calcination. The signal at EPR
spectra for bulk Ti** was not observed for pure TiO, sample, see in Figure 1.

900
—TiO,
700 -

so0 ] — d-Tio, 20
300 -
100 -

-100

Intensity

-300
-500
-700
-900 -

-1100 T T T v
1.95 1.97 1.99 2.01 2.03 2.05
g value

Figure 1. The electron paramagnetic resonance (EPR) spectra in the room temperature for TiO,
(blue line) and TiO, with titania vacancies (orange line).

The general physicochemical and photocatalytic characteristics of the obtained defective
d-TiO,-Pt/Cu and Fe30,4@Si0O,/d-TiO,-Pt/Cu samples, i.e., BET surface area, pore volume, calculated
bandgap (Eg) and phenol degradation efficiency in UV-Vis and Vis light are presented in Tables 1 and 2.
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The BET surface area of pure TiO, obtained from Titanium(IV) butoxide (TBT) hydrolysis in
water and defective TiO, samples was similar and ranged from 167 to 172 m?g~". The specific surface
area of the metal-modified d-TiO, samples fluctuated from 166 to 101 m2-g~! and depended on the
type and amount of metallic species deposited on d-TiO, surface. The samples modified with Pt NPs
revealed a higher BET surface area of about 148 m?-g~! compared to d-TiO, modified with copper oxide
(101 m?-g~'), and bimetallic Pt/Cu NPs (152 m?-g~!). The relations between photoactivity in UV-Vis and
Vis light range versus BET surface area are also shown in Tables 1 and 2. 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. Moreover, as shown
in Table 2, the addition of surface-modifying metal nanoparticles, as well as further deposition
of d-TiO,-Pt/Cu on magnetic matrice, did not affect the magnitude order of the BET surface area,
which remained in the range of 101 to 172 m?.g~! for d-TiO,_20-Cu0.1 and d-TiO,_20, respectively.

The energy bandgaps for all samples were calculated from the plot of (Kubelka-Munk-E)*3
versus E, where E is energy equal to hv, and summarized in Table 1. The samples consist of defective
TiO, exhibited narrower bandgap of 2.7-2.9 eV compared to TiO, and TiO,-Pt0.05 photocatalysts.
Moreover, for all metal-modified defective photocatalysts, the bandgap value, calculated from
Kubelka-Munk, transformation did not change, compared to d-TiO, matrice, indicating surface
modification than doping [11].

The XRD patterns for selected d-TiO,-Pt/Cu and Fe304@Si0,/d-TiO,-Pt/Cu samples are presented
in Figures 1 and 2, with a detailed phase composition and crystalline sizes for all photocatalysts being
listed in Tables 3 and 4. Peaks marked “A”, “R”, and “B” corresponds to anatase, rutile, and brookite
phases, respectively. Both crystalline structures (anatase and brookite) appeared for pure TiO, prepared
by the sol-gel method. For Pt-modified TiO, anatase was the major phase, whereas brookite existed
as the minor phase. The average crystallite size of anatase was 5-6 nm. The preparation of d-TiO,
photocatalysts proceeded in the oxidative environment. The introduction into the crystal structure
of various types of defects promotes the transformation of anatase to rutile at lower temperatures.
Therefore, for the samples obtained in the presence of HIOj3 as the oxidizing agent, after the annealing
process the percentage of anatase (the most intense peak at 25° 20, with the (101) plane diffraction,
ICDD'’s card No. 7206075) was decreased in favor of (110) rutile, with the peak at 31° 20 (ICDD's card
No. 9004141), even below the anatase to rutile phase transformation temperature [35-37]. For the
samples d-TiO,_75 and d-TiO,_75-Pt0.05, the dominant phase was rutile with a crystallite size of
about 6 nm. Further, the surface modification with plasmonic platinum and semi-noble copper did
not cause changes in anatase crystallite size, remaining about 5-6 nm size. The percentage of the
brookite phase increased to 8.5% and 13% for d-TiO, _20-Pt0.1/Cu0.1, and d-TiO,_20-Pt0.1 samples,
respectively. It resulted from the additional thermal treatment after metal nanoparticles deposition
on the photocatalyst surface. Moreover, Pt and Cu modification of TiO, did not cause the shift of the
peaks in the XRD pattern. The presence of platinum and copper deposited on TiO, was not approved
(no peaks for platinum or copper) due to low content (0.05-0.1 mol%) and nanometric size.
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Figure 2. X-ray diffractometry (XRD) patterns for selected defective d-TiO»-Pt/Cu photocatalysts
(A—anatase, B—brookite, and R—rutile).
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The XRD analysis of Fe304@SiO,/d-TiO,-Pt/Cu confirmed the formation of a magnetic composite,
and, as observed in Figure 3 and Table 4, there was no significant difference between the diffraction
patterns of the obtained magnetic photocatalysts modified with Pt/Cu NPs. The presence of pure
magnetite, with diffraction peaks at 30.2°, 35.6°, 43.3°, 57.3%, and 62.9° 20 corresponding to (220), (311),
(400), (511), and (440) cubic inverse spinel planes (ICDD’s card No. 9005813) was confirmed for all
Fe304@Si0,/d-TiO,-Pt/Cu magnetic photocatalysts. The decrease in Fe3Oy peaks intensity was caused
by the formation of tight non-magnetic shell on the core surface, which was previously described
by Zieliriska-Jurek et al. [26]. The broad peak at 15-25° 20 corresponds to amorphous silica [38,39].
The content of the magnetite crystalline phase varied from 21% to 28% for Fe304@SiO,/d-TiO,_20-Pt0.05
and Fe304@Si0,/d-TiO;_20-Cu0.1, respectively. Atthe same time, TiO, crystallite size and anatase to rutile
phase content ratio remained unchanged for Fe304@Si0,/d-TiO,_20 and Fe30,4@Si0,/d-TiO,_20-Pt/Cu
samples. No other crystalline phases were identified in the XRD patterns, which indicated the crystal
purity of the obtained composites.

AM Fe:04@Si0/d-TiO: 20-C
R A 5 i A M FeO@Sioyd-Tio; 20-Cu0.l

A Fe;04@Si0,/d-TiO,_20-Pt0.1

A | Fe0@Sioy-Tio; 20
W - Soseh A FesO4@Sios

M
FesO4
W\

5 25 35 15 ss 65

Intensity [a.u.]

2 Theta [deg]

Figure 3. XRD patterns of magnetic photocatalysts, compared with Fe304 and Fe30,@Si0, (A—anatase,
R—rutile, and M—magnetite).

The photoabsorption properties of metal-modified defective d-TiO, samples were studied by
diffuse reflectance spectroscopy, and exemplary data are shown in Figure 4. Comparing to pure
TiO; photocatalyst, introducing platinum as a surface modifier caused an increase of absorption in
the visible light region, however, without shifting a maximum, as presented for sample TiO,-Pt0.05.
Modification of defective d-TiO, with Pt and Cu was associated with a further increase of Vis light
absorbance and proportional to the amount of the deposited metal. Moreover, the deposition of Pt
caused a more significant absorbance increment than the same modification with Cu species.
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Figure 4. DR/UV-Vis spectra for selected d-TiO,-Pt/Cu (a) and Fe30,@SiO,/d-TiO2-Pt/Cu (b) photocatalysts

together with Pt and Cu plasmon determination with bare TiO; as a reference (c).

Defective d-TiO,-Pt/Cu deposited on Fe304@SiO, core were characterized by extended light
absorption ranged to 700 nm. It could be observed that the described absorption properties in the Vis
light for metal-modified TiO, and absorption properties of final composites have been preserved.
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The presence of Localized Surface Plasmon Resonance (LSPR) peaks for Pt and Cu were
confirmed based on DR-UV/Vis spectra measurements with pure TiO; as a reference (see in Figure 4c).
Platinum surface plasmon resonance was observed at the wavelength of about 410420 nm [33,40].
Electron transfer between Cu(Il) and valence band of titanium(IV) oxide could be confirmed by
absorption increment from 400 to 450 nm. The typical LSPR signal for zero valent copper at 500-580 nm
was not observed, suggesting that Cu is mainly present in its oxidized forms [41,42].

To confirm the presence of noble metal and semi-noble metal NPs on defective TiO; surface,
the XPS analyses for the selected photocatalysts and deconvolution of Pt 4f and Cu 2p were performed,
and the results are presented in Figure 5. Platinum species deposited on the titania surface were
designated by deconvolution of Pt 4f peak into two components: Pt 4f; and Pt 4f5. According to the
literature, Pt 4f;, peak, with binding energies in the range of 74.2 to 75.0 eV, refers to the Pt’, while Pt
4fs, peak, appearing at 77.5-77.9 eV is assigned to Pt** [11]. The main peaks for Cu 2p appeared as Cu
2p32 and Cu 2py 2 at 934 eV and 952 eV. Both of those peaks are commonly attributed to Cu* and Cu?*
ions [13,43,44]. Obtained data indicated that both Pt and Cu species were successfully deposited on
the titania surface.

a)

x10

Cu 2p states(c)

Counts [s

Pt 4f states (b)

0 100 200 300 400 500 600 700 K00 900 1000 1100 1200 1300

Binding energy [cV]

by 00 '1: c) 500

68 0 T2 T4 76 T8 80 82 ¥ 86 925 935 945 955 965

Binding energy [eV] Binding ¢

ray [eV]

Figure 5. XPS spectra for d-TiO,_20-Pt0.1/Cu0.1 sample (a) with the deconvolution for Pt 4f (b) and
Cu 2p (c).

Moreover, the presence of Pt NPs at the surface of the magnetic nanocomposites was also confirmed
by microscopy analysis. As presented in Figure 6, the formation of SiO/TiO; shell, with a thickness of
about 20 nm, tightly covering magnetite nanoparticles was observed. Platinum nanoparticles with a
diameter of about 10-20 nm were evenly distributed on the d-TiO; layer.
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Pt nanoparticle

Figure 6. Transmission electron microscopy (TEM) analysis for Fe;04@Si0,/d-TiO,_20/Pt0.1 sample
(a) magnification on Pt nanoparticle (b).

2.2. Photocatalytic Activity of d-TiO»-Pt/Cu and Fe304@Si0»/d-TiO,-Pt/Cu Photocatalysts

The effect of Ptand Cu presence on the properties of defective d-TiO, photocatalysts was evaluated
in reaction of phenol degradation under UV-Vis and Vis light irradiation. The results, presented as the
efficiency of phenol degradation as well as phenol degradation rate constant k, are given in Figures 7
and 8. Additionally, the effect of the electron (e”), hole (h*), hydroxyl radical (*OH), and superoxide
radical (*O;7) scavengers were investigated and presented in Figure 9.

Among analyzed metal-modified photocatalysts, TiO,-Pt0.05 revealed the highest phenol
degradation in UV-Vis light. After 60 min of irradiation, about 76% of phenol was degraded.
After introducing plasmonic platinum and semi-noble copper species as a surface modifiers,
UV-Vis photoactivity of defective d-TiO, samples increased to 59%. The degradation rate constant
k increased to 1.47 x 1072 min~! compared to d-TiO,_20 (0.79 % 10~ min~'), and d-TiO,_75
(0.52 x 1072 min™!) photocatalysts. Nonetheless, the most significant changes were observed during
the photocatalytic process in visible light (A > 420 nm). Modifying with 0.05 mol% of Pt, the surface of
almost inactive in Vis light d-TiO,_75 resulted in three-times higher photocatalytic activity under visible
light. Therefore, a highly positive effect of metal surface modification of defective d-TiO, photocatalyst
surface was noticed. It resulted from better charge carriers’ separation and decreasing the electron-hole
recombination rate. Moreover, the narrower bandgap of the defective d-TiO; (in comparison with pure
TiO;) and modification with Pt possessing surface plasmon resonance properties, could also enhance
visible light absorption and consequently led to photocatalytic activity increase.

Figure 7. Efficiency of phenol degradation in UV-Vis and Vis light for d-TiO,-Pt/Cu photocatalysts,
presented as % of degradation (a) and rate constant k (b).
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Pure magnetite, coated with inert silica, did not affect the photocatalytic process. Furthermore,
the Fe304@Si0,/d-TiO, composite modified with Pt NPs, and bimetallic Pt/Cu NPs revealed the highest
photocatalytic activity in Vis light range. The phenol degradation rate constant in Vis light was 2-times
higher for Fe304@Si0,/d-TiO,-Pt/Cu compared to Fe304@Si0,/d-TiO; sample. However, the obtained
magnetic photocatalysts had similar photocatalytic activity in UV-Vis light, almost regardless of
the surface modification of d-TiO, with noble metals. It probably resulted from larger Pt particles
(~20 nm) deposition at the surface of Fe304@SiO,/d-TiO, composite than for TiO,-Pt0.05 with particles
size of about 2-3 nm. Previously, we have reported that the size of noble metal nanoparticles,
especially platinum, deposited on the TiO; surface strictly depends on the semiconductor surface area,
as well as its crystal lattice defects [33,45]. Fine metal particles are produced on the TiO; surface with a
developed specific surface area with a high density of oxygen traps and nucleation sites, and the highest
photocatalytic activity is noticed for Pt-modified photocatalyst, where the size of Pt is below 3 nm [33].
In the present study, Pt nanoparticles’ average diameter was about 20 nm as a result of the deposition
of Ptions and their reduction on formed particles” defects. Therefore, the lower metal/semiconductor
interface resulted in a decrease in photocatalytic activity under UV-Vis light irradiation.

® Phenol Vis @ Phenol UV-Vis ®Pheool Vis @Phenol UV-

Degradation Efficiency % Jegrd

Figure 8. Efficiency of phenol degradation in UV-Vis and Vis light for magnetic Fe304@SiO,/d-TiO,-Pt/Cu
h dation (a) and rate constant k (b).

p lysts, p d as % of deg

For the final stability and reusability test, the most active defective photocatalyst was selected.
For sample d-TiO;_20/Pt0.1/Cu0.1, three 1-h-long subsequent cycles of phenol degradation under
UV-Vis light were performed. The obtained results are presented in Figure 9.
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Figure 9. Efficiency of UV-Vis phenol degradation in the presence of defective d-TiO;_20/Pt0.1/Cu0.1
photocatalyst d in the three subseq; cycles.
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There was no significant change in phenol degradation rate constant after the second and third
cycles. Thus, the analyzed photocatalyst revealed good stability and reusability.

Furthermore, the reactive species were investigated to understand the photocatalytic reaction
mechanism. Benzoquinone (BQ), silver nitrate (SN), ammonium oxalate (AO), and tert-butanol
(t-BuOH) were used as superoxide radical anions (-O,"), electrons (e”), holes (h*), and hydroxyl
radicals (-OH) scavengers, respectively. Obtained results, presented as phenol degradation rate constant
k, in comparison to the photodegradation process without scavengers, are presented in Figure 10.
The most significant impact on phenol degradation reaction in the presence of metal-modified d-TiO,
was observed for superoxide radicals. After introducing to the photocatalyst suspension BQ solution,
the phenol degradation efficiency was significantly inhibited. A slight decrease was also observed in
the presence of SN as an electron trap. On the other hand, the addition of AO and t-BuOH did not
decrease the phenol degradation rate.

“OH scavenger

b scavenser
no scavenger
& scavenger
“0;” scavenger
& S - & & & > o
P LA & & &£ o
& S A R A, A S
S o <P S -
- = ¥ & N
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Figure 10. Photocatalytic degradation of phenol for defective Fe304@SiO,/d-TiO,-Pt/Cu photocatalysts
in the presence of e”, h*, *O,~, and *OH scavengers.

Modification of TiO; resulted in the shift of the valence band as was revealed from the analysis
of Mott-Schottky plot, where the relation between applied potential vs. Csc2 is presented (see in
Figure 11). According to the intersection with E axis the flat band potential was estimated. In the
case of pure titania it equals to —1.2 V, whereas for d-TiO,_20-Pt0 the value of —1.13 was reached.
In order to prepare energy diagram of both materials given in Figure 12, the values of bandgap energy
was taken into account. As could be seen, for the modified material the position both the conduction
and valence band are shifted. According to Monga et al. [46] the Schottky barrier formed at the
metal-TiO; interface affecting the efficiency of e- transfer. The lowering of the CB band edge is in
accordance with the literature indicating that the work function of the metal prone decrease of the CB
location. Then, the Schotky barrier is decreased at the metal/semiconductor heterojunction. As a result,
the transfer of the photoexcited electron from metal NPs to titania is facilitated and plays important
role in photocatalytic activity improvement. The introduction of titanium defects to the TiO, crystal
structure also resulted in narrowing the bandgap from 3.2 to 2.7 eV.

Based on the presented results, a schematic mechanism of UV-Vis phenol degradation in the
presence of metal-modified defective Fe;04@SiO,/d-TiO,-Pt/Cu photocatalyst was proposed and
shown in Figure 12. After irradiation of the photocatalyst surface with UV-Vis light, electrons from
the Pt are injected to the conduction band of titania and then utilized in oxygen reduction to form
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reactive oxygen radicals. The path of phenol degradation led through several intermediates, such as
benzoquinone, hydroquinone, catechol, resorcinol, oxalic acid, and finally, to complete mineralization to
CO; and H0 [47-49]. An analysis of possible charge carriers’ impact revealed that for photoactivity of
d-TiO,-Pt/Cu, they are responsible for mainly generated superoxide radicals. The phenol degradation
mechanism proceeded by the generation of reactive oxygen species, e.g., *O,~, which attacked the
phenol ring, resulting in benzoquinone and hydroquinone formation confirmed by high-performance
liquid chromatography (HPLC) analyses. Moreover, during the photoreaction, the concentration of
formed intermediates decreased, which suggests mineralization of recalcitrant chemicals to simple
organic compounds.

7]+ d-TiO, 20-Pr01
TiO,

12 <10 08 06 04 02 00 02
E/V vs. Ag/AgCl/0.1M KCl

Figure 11. The Mott-Schottky plot for the bare and Pt modified d-TiO,.

CB d-r-o,_zo-m 1

r.o,
-1.13 /
OH&Y =
o
g *157 h nantoqinone

OH-

Figure 12. Energy diagram depicting the position of valence and conduction bands of bare and
modified titania including the indication of charge transfer within the Schottky junction, and schematic
illustration of phenol degradation mechanism over defective Fe;0,@5i0,/d-TiO,-Pt/Cu photocatalysts.

3. Materials and Methods

Titanium(IV) oxide organic precursor: titanium(IV) butoxide (>99%) was provided by Alfa Aesar
(Haverhill, MA, USA). lodic acid (99.5%), sodium borohydride (99%), chloroplatinate acid hydrate
(HzPtCly - xH30) (99.9%) and copper nitrate trihydrate (Cu(NO3),-3H,0) (99-104%), used for TiO,
structure and surface modification, were purchased from Sigma (Poznan, Poland). Ferrous ferric oxide
(Fe304, 97%) with a declared particles size of 50 nm was purchased from Aldrich (Poznan, Poland).
Tetraethyl orthosilicate (TEOS) was provided by Aldrich and was used as a precursor for the inert
interlayer of magnetic nanoparticles. Ammonium hydroxide solution (25%) was purchased from
Avantor (Gliwice, Poland). Chemicals for w/o microemulsions preparation, such as cyclohexane
and 2-propanol, were purchased from Avantor. Cationic surfactant, hexadecyltrimethylammonium
bromide (CTAB), was provided by Sigma Aldrich (Poznan, Poland). Acetonitrile and orthophosphoric
acid (85%) for HPLC mobile phase preparation were provided by Merck (Darmstadt, Germany)
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and VWR (Gdansk, Poland), respectively. Phenol, used as a model organic recalcitrant pollutant
in photocatalytic activity measurements, was purchased from VWR. For the titania paste formation
polyethylene glycol (PEG) from Sigma Aldrich (Poznan, Poland) was used, while Na;SO;4 used for
electrolyte preparation was purchase from VWR. All reagents were used without further purification.

3.1. Preparation of Defective TiO;-Pt/Cu Photocatalysts

Defective TiO; (marked as d-TiO,) was obtained by the hydrothermal method assisted with the
annealing process. Titanium(IV) butoxide (TBT) and iodic acid (HIO3) were used as a TiO, precursor
and oxidizing environment for titanium vacancies formation, respectively. Briefly, the appropriate
amount of HIO; (presented in Table 5) was dissolved in 80 cm? of distilled water. After that, 10 cm® of
TBT was added dropwise, and the obtained suspension was stirred for 1 h with magnetic stirring at
room temperature. In the next step, the suspension was transferred into a Teflon-lined autoclave for
thermal treatment at 110 °C for 24 h. The resultant precipitate was centrifuged, dried at 70 °C and then
calcined at 300 °C for 3 h.

Table 5. HIO; conc i used for the hesis of each d-TiO, photocatalyst.
Sample Oxidant Concentration [mol%] Mass of Added Oxidant [g]
TBT 0 0
d-TiO;_20 20 1.032
d-Ti0,_75 75 3.869

The obtained defective d-TiO, photocatalysts were modified using platinum and copper
nanoparticles by the co-precipitation method. In this regard, d-TiO, was dispersed in 50 cm? of
deionized water, and Pt/Cu precursor solutions (0.05 and 0.1 mol% of Pt and 0.1 mol% of Cu with
respect to TiO;) were added. After that, NaBHy solution was introduced to reduce the metals ions
followed by their deposition on the titania surface. The mole ratio of metal ions to NaBH, was 1:3.
After the reduction process, the photocatalyst suspension was mixed for 2 h, and the d-TiO,-Pt/Cu
nanoparticles were separated, washed with deionized water, and dried at 80 °C to dry mass. The final
step was calcination at 300 °C for 3 h.

3.2. Preparation of Magnetic Fe304@SiO5/d-TiO,-Pt/Cu Nanocomposites

Previously obtained d-TiO,-Pt/Cu nanoparticles were deposited on a magnetic substrate as a thin
photocatalytic active shell. Magnetite (Fe30,) was selected as a core of the designed composite due to
its excellent magnetic properties (high Ms value and low Hc), which enable us to separate obtained
photocatalyst in the external magnetic field. Silica was used as an interlayer to isolate Fe30y from TiO
and suppress possible electron transfer between them. The magnetic photocatalysts were obtained in
the w/o microemulsion system based on changes in the particles surface charge as a function of pH,
described in the previous study [26].

Firstly, commercially available Fe304 nanoparticles with nominate particles diameter of 50 nm were
dispersed in water at pH 10. The prepared suspension was then introduced to cyclohexane/isopropanol
(100:6 volume ratio) mixture in the presence of cationic surfactant and cetyltrimethylammonium
bromide (CTAB) creating stable w/o microemulsion system with water nanodroplets dispersed in the
continuous oil phase. The molar ratio of water to surfactant was set at 30. After the microemulsion
stabilization, the corresponding amount of tetraethyl orthosilicate (TEOS) was added, resulting in the
formation of SiO; interlayer on Fe3Oy core, after ammonia solution introduced into the microemulsion
system. The molar ratio of TEOS to Fe304 was 8:1, and NH;OH to TEOS was 16:1. The microemulsion
was destabilized using acetone and obtained nanocomposite Fe30,@SiO, was separated, washed with
ethanol and water, dried at 70 °C to dry mass, and calcined at 400 °C for 2 h.

In the second step, previously obtained Fe30,4@SiO; particles were combined with d-TiO,-Pt/Cu
in order to create photocatalytic active nanomaterial. The reversed-phased microemulsion system at
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pH 10 was used, and Fe304 to the TiO; molar ratio was equaled to 1:4 [27]. The junction between
magnetic/SiO; and photocatalytic layers was promoted by their opposite surface charges, provided by
the presence of CTAB at the basic conditions. The as-obtained Fe304@SiO,/d-TiO,-Pt/Cu samples,
after their separation and purification using water and ethanol, were dried at 70 °C to dry mass and
calcined at 300 °C for 2 h.

3.3. Characterization of the Obtained Magnetic Photocatalysts

The XRD analyses were performed using the Rigaku Intelligent X-ray diffraction system SmartLab
equipped with a sealed tube X-ray generator (a copper target; operated at 40 kV and 30 mA).
Data was collected in the 20 range of 5-80° with a scan speed and scan step of 1°min~! and 0.01°,
respectively. The analyses were based on the International Centre for Diffraction Data (ICDD) databased.
The crystallite size of the photocatalysts in the vertical direction to the corresponding lattice plane was
determined using Scherrer’s equation with Scherrer’s constant equal to 0.891. Quantitative analysis,
including phase composition with standard deviation, was calculated using the Reference Intensity
Ratio (RIR) method from the most intensive independent peak of each phase.

Nitrogen adsorption-desorption isotherms (BET method for the specific surface area) were
recorded using the Micromeritics Gemini V (model 2365) (Norcross, GA, USA) instrument at 77 K
(liquid nitrogen temperature).

Light absorption properties were measured using diffuse reflectance (DR) spectroscopy in the
range of 200-800 nm. The bandgap energy of obtained samples was calculated from (F(R)-E)’®
against E graph, where E is photon energy, and F(R) is Kubelka-Munk function, proportional to the
radiation’s absorption. The measurements were carried out using ThermoScientific Evolution 220
Spectrophotometer (Waltham, MA, USA) equipped with a PIN-757 integrating sphere. As a reference,
BaSO4 was used.

X-ray photoelectron spectroscopy (XPS) measurements were conducted using Escalab 250Xi
multi-spectrometer (Thermofisher Scientific) using Mg K X-rays.

The morphology and distribution size for Fe;04@SiO,/d-TiO,-Pt as a reference magnetic
nanocomposite sample was further analyzed using HR-TEM imagining (Tecnai F20 X-Twin, FEI Europe)
together with elements identification in nanometric scale by EDS mapping.

Electron paramagnetic resonance (EPR) spectroscopy was used for intrinsic defects formation
confirmation. ~ Measurements were conducted using RADIOPAN SE/X-2547 spectrometer
(Poznan, Poland), operating at room temperature, with frequency in range 8.910984-8.917817 GHz.

3.4. Photocatalytic Activity Analysis

Photocatalytic activity of the obtained samples was evaluated in phenol degradation reaction,
both in UV-Vis and Vis light irradiation, using 300 W Xenon lamp (LOT Oriel, Darmstadt, Germany).
For the visible light measurements, a cut-off 420 nm filter (Optel, Opole, Poland) was used to obtain
a settled irradiation interval. A 0.05 g (2 g-dm~) of a photocatalyst, together with a 20 mg-dm~—
phenol solution, was added to a 25 cm® quartz photoreactor with an exposure layer thickness of
3 cm and obtained suspension was stirred in darkness for 30 min to provide adsorption-desorption
equilibrium. After that, photocatalyst suspension was irradiated under continuous stirring and a
power flux (irradiation intensity) of 30 mW-cm~2 for 60 min. The constant temperature of the aqueous
phase was kept at 20 °C using a water bath. Every 20 min of irradiation, 1.0 cm? of suspension was
collected and filtered through syringe filters (pore size = 0.2 um) for the removal of photocatalysts
particles. Phenol concentration, as well as a formation of degradation intermediates, were analyzed
using reversed-phase high-performance liquid chromatography (HPLC) system, equipped with C18
chromatography column with bound residual silane groups (Phenomenex, model 00F-4435-E0) and
a UV-Vis detector with a DAD photodiodes array (model SPD-M20A, Shimadzu). The tests were
carried out at 45 °C and under isocratic flow conditions of 0.3 mL-min~" and volume composition of
the mobile phase of 70% acetonitrile, 29.5% water and 0.5% orthophosphoric acid. Qualitative and
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quantitative analysis was performed based on previously made measurements of relevant substance
standards and using the method of an external calibration curve.

Phenol removal percentage was calculated from the equation:

D% = <= Cr100 m
Co
where:  C,—phenol initial concentration [mg-dm~], C,—phenol concentration during
photodegradation [mg-dm~3].

Rate constant k was determined from In(C,/C,) against t plot where C, and C, are phenol
concentrations [mg~dm’3] and t is degradation time [min]. Rate constant k is equal to directional
coefficient “a” of the plot.

In order to evaluate the stability of the obtained photocatalysts, three 1-h-long subsequent cycles of
phenol degradation under UV-Vis light using the most active defective d-TiO,_20/Pt0.1/Cu0.1 sample
were performed. After each cycle, photocatalyst was separated from the suspension and use in the
next cycle without additional treatment.

The effect of charge carrier scavengers was examined by addition into phenol solution 1 cm? of
500 mg-dm‘3 of tert-butyl alcohol (t-BuOH), benzoquinone (BQ), ammonium oxalate (AO), and silver
nitrate (SN), respectively.

3.5. Electrochemical Measurements

In order to prepare Mott-Schottky plot the fabricated titania powders were used to form the
paste, deposited using doctor-blade technique onto the Pt support. The paste consist of 0.2 g of
photocatalyst in 0.1 g of polyethylene glycol (PEG) and 1 cm?® of deionized water. Finally the
calcination was carried out at 400 °C for 5 h with a heating rate 1 °C-min-! ensuring removal of
the organic binder. The fabricated electrode material stayed as working electrode tested in three
electrode arrangement where Ag/AgCl/0.1M KCl and Pt mesh were used as reference and counter
electrode, respectively. The deaerated 0.5 M Na;SOy4 was applied as electrolyte. The electrochemical
spectroscopy (EIS) impedance data was recorded from the anodic towards cathodic direction. Prior the
tests, the investigated samples were not subjected to any preliminary treatment or measurement and
their potential was held to reach a steady-state conditions. EIS data were recorded for the single
frequency of 1000 Hz in the potential range from +0.1 to —1.2 V vs. Ag/AgCl/0.1 M KCl using a 10 mV
amplitude of the AC signal. The capacitance of space charge layer was further calculated from the
imaginary part of the measured impedance following the equation [50]:

%
Cipi 2
€ 2nfZin @

where f stands for the frequency of the AC signal and Z;,, for the imaginary part of impedance.

4. Conclusions

Surface modification of defective d-TiO, photocatalyst with platinum and copper nanoparticles
resulted in a significant increase in its photocatalytic activity, both in UV-Vis and Vis range. The EPR
analysis confirmed the presence of Ti defects in the structure of TiO, samples. The highest activity
in Vis light was noticed for d-TiO, modified with Pt NPs. It resulted from surface plasmon
resonance properties of Pt and narrowing the bandgap of the defective d-TiO,. Among magnetic
photocatalysts, the highest activity in Vis light was observed for Pt-modified and Pt/Cu-modified
defective d-TiO, deposited on Fe;0,@SiO, magnetic core. Analysis of phenol degradation mechanism
revealed that superoxide radicals are mainly responsible for phenol oxidation and mineralization.
However, the photocatalytic activity in reaction of phenol degradation in UV-Vis light in the presence
of Pt-modified Fe30,@Si0,/d-TiO, with the Pt particle size of about 20 nm was comparable with
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the activity of Fe304@SiO,/d-TiO,. It resulted from the deposition of Pt NPs in the place of titanium
vacancies, and as a consequence formation of larger metal particles due to the seed-mediated growth
mechanism on the TiO;. In this regard, a lower metal/semiconductor interface resulted in a decrease
in photocatalytic activity in the UV-Vis spectrum range. Furthermore, the creation of a core-shell
magnetic Fe304@Si0,/d-TiO,-Pt/Cu nanostructures allowed an effective separation of the obtained
magnetic photocatalysts.
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Flow back water

In the present study ility of i organic ¢ from the flow back water after
hydrauling fracturing was investigated. The combination of TiO; photocatalyst and magnetic oxide
nanoparticles enhance the separation and recoverable property of nanosized TiO; photocatalyst. Fe304/
TiOz and Fe304@Si0;/TiOz ites were prep. ion. The photocatalysts’
characteristics by X-ray diffractometry (XRD), scanning electron microscopy (SEM), diffuse reflectance
spectroscopy (DRS) showed that sample with the mass ratio of Fe304 to TiOz equal 1:4 and molar ratio of
TEOS:Fe304 = 8:1 and NH40H:TEOS = 16:1 obtained by deposition TiO; P25 (Evonik) on magnetite core
had about 124 m? g ! specific surface area and superparamagnetic properties. The prepared composites
contained TiO; and Fe304 crystal phases. The photocatalytic activity was estimated by measuring the
decomposition rate of three model pollutants identified in the flow back water from one of the Baltic
Shale Basin. Regarding flow back water treatment after shale gas exploration, the progress of photo-
catalytic d dation of organic was by chemical oxygen demand (COD) con-
centration. The Fe304@Si0,/TiO2_P25 composite nanoparticles were recovered and re-used without
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significant reduction of efficiency.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Water is a strategic resource for shale gas extraction, as it is used
for hydraulic fracturing, the main method for fracturing rock during
natural gas production (Chen and Carter, 2016). Fracturing tech-
nologies for shale gas production were developed mainly in the
USA (Ray, 1976) and are currently being adapted to geological
conditi and i | requi in China (Li et al,
2016), Germany, Poland (Baranzelli et al., 2015), Australia, New
Zealand and other countries (Blythe et al., 2016). Hydraulic frac-
turing stimulate the flow of natural gas or oil, increasing the vol-
umes that can be recovered. It is based on pumping fracturing fluid
at very high pressure into the well, in order to prevent the fracture
closing after reducing the pressure (Li et al., 2015). As shown in
Fig. 1 the fracturing fluid, consists mainly of water and proppant
(99.5%) and chemical additives (0.5%) (Gregory et al, 2011).

* Corresponding author. ul. Narutowicza 11/12, 80-233 Gdansk, Poland.
E-mail address: annjurek@pg.gdapl (A. Zielinska-Jurek).

http://dx.doi.org/10.1016/j.jenvman.2016.06.056
0301-4797/© 2016 Elsevier Ltd. All rights reserved.

Proppant is a material which prevents fractures from closing.
Usually it is sand, sometimes ceramic material or resin coated sand
(Mader, 1989). Chemicals are used to stimulate a reservoir and have
various tasks in the fracturing fluids (see Table S1 in supporting
materials), they are: friction reducers, acids, corrosion inhibitors,
biocides, iron control agent, gelling agent, cross-linker, breaker, KCI,
NaCl (Brannon and Tjon-Joe-Pin, 1996). .

Hydraulic fracturing consumes 8000-20,000 m* of water per
1000 m horizontal well segment. After the hydraulic fracturing
process is completed and pressure is released, between 20 and 30%
of the original volume of the fracturing fluid will return to the
surface as a flow back water (Stringfellow et al., 2014). The treat-
ment and recycling of flowback water for reuse in hydraulic frac-
turing can enhance economic viability of gas production. It also

inimi potential envir | impacts, reduces demands on
local water supplies, and meets regulatory requirements (Chen and
Carter, 2016).

However, the flow back water managment is one of the major
challenges for shale gas exploration and development. It is espe-
cially difficult since the flowback contain high concentration of
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Additives (0,49%)

Citric.

(0,004%) N, n-dimethyl
formamide
(0,002%)

KC1 (0,06%)

Guar Hydroxyethyl
comies (0.068%

Ethylene glycol (0,043%)

Na,C0, / K,CO, (0,011%)
NaCl (0,01%)

‘Borate salts (0,07%)

Fig. 1. Composition of fracturing fluid.

total solids (TDS). D ding on the well location, the
TDS concentration in wastewater ranges from a few thousand mg/l
to over 200,000 mg/l (Gregory et al., 2011). The concentration of
salt in flow back water increases with time of residence down-hole.
The main compound contributing to TDS value is NaCl; however,
other soluble salts also affect this parameter (Gregory et al., 2011).
Moreover, flow back fluid contains various combinations of het-
erocyclic organic compounds such as ethers, azines, ketones
(acetone, MIBK, MEK), trihalomethanes, benzhydryl compounds
(n-butylbenzene), aromatic hydrocarbons (trimethylbenzene,
BTEX), tertiary alcohols (t-butyl alcohol), polycyclic aromatic hy-
drocarbons (naphthalene), alkylbenzenes (p-Cymene), organo-
chlorides (Kargbo et al., 2010). Highly saline wastewater stream and
some hydraulic fracturing chemical additives are difficult to treat
with conventional processes. Therefore, there is a great demand for
a more efficient and environmentally benign technology which can
be applied for treating low concentration persistent organic pol-
lutants from flow back water.

Chemical, biological, and physical methods have been imple-
mented for treatment of flow back water. Pre-treatment techniques
remove the suspended solids in the process of filtration. The
nanofiltration and reverse osmosis processes are commonly used to
desalinate water. However, the conventional processes are effective
for TDS removal from flow back as the serial MF/UF membrane
treatment and does not allow for the mineralization of organic
impurities. The biggest problem is encountered in the removal of
recalcitrant organic compounds.

Heterogeneous photocatalytic oxidation of organic pollutants
occurred to be a promising process for water purification since
many recalcitrant organic compounds at low concentration can be
oxidized at a room temperature in the presence of a semiconductor
photocatalyst (e.g. TiOy) (Zielinska-Jurek et al., 2015). Photo-
catalysis has been used for the d dation of organic ¢ ds
such as alcohols, carboxylic acids, phenolic derivatives, or chlori-
nated aromatics, into harmless products e. g, carbon dioxide, water,
and simple mineral acids (Lee et al., 2003; Sirtori et al., 2006; Chan
etal, 2003). Water contaminated by oil can be treated efficiently by
photocatalytic reaction (Jing et al., 2015). Herbicides and pesticides
that may contaminate water such as 2,4,5 tric etic

photocatalyst led to carbon dioxide and water (Kim and Hoffmann,
2008).

However, the application of photocatalysts for wastewater
treatment still needs to tackle a variety of technical problems
(Zhang et al., 2014). The recovery and cyclic utilization of the nano-
semiconductor photocatalysts is still a major problem hindering
practical application in industrial processes (Fan et al., 2012). The
combination of TiO; photocatalyst and magnetic oxide nano-
particles may enhance the separation and recoverable property of
nanosized TiO; photocatalyst (Liu et al., 2011).

In this regard the aim of present study was preparation and
characterization of Fe304/TiO; and Fe304/SiO3/TiO; photocatalysts
easier ble after water t process. The effect of TiO;
matrix and molar ratio of TiO; to Fe304 on photocatalytic activity
and magnetic properties in degradation of organic compounds
present in flow back water were investigated.

2. Experimental

Detailed descriptions of materials, methods and instruments are
available in the Supporting materials (S 2.1).

2.1. Preparation of Fe304/TiO; and Fe30,@Si0,/TiO; photocatalysts

The Fe304/TiO; nanocomposites of four different magnetite to
titanium (IV) oxide molar ratios were prepared by an ultrasonic-
assisted sol-gel method. Firstly, commercial Fe;04 magnetic
nanoparticles were dispersed in ethanol and ultrasonicated for
15 min. Then, TiO, was coated directly onto Fe304 nanoparticles by

y lysis and cond ion of titanium b ide (TBT) in ethanol
solution. The suspension was stirred for 2 h and ultrasonicated for
another 1 h at temperature below 35 °C. The resulting Fe304/TiO;
nanoparticles were separated, dried at 60 °C to dry mass and then
calcinated at 400 °C for 2 h.

An inertial layer of silica between TiO; shell and magnetic core
was proposed in order to avoid leaching of iron. In this regard, the
magnetite particles (~50 nm) were dispersed in ethanol and ho-
mogenized by ultrasonication for 15 min. Then alcoholic solution of

acid, 24,5 trichlorophenol, s-triazine herbicides and DDT can be
also mineralized (Barbeni et al., 1987; Jang et al., 2005). Photo-
catalytic decomposition of ethylene glycol and propylene glycol by
using UV-illuminated TiOz and platinum or palladium loaded TiO,

was added dropwise into magnetite dispersion and
sonicated for another 15 min. Tetraethyl orthosilicate (TEOS), pre-
liminarily diluted in ethanol was added to the magnetite particle

ion and the ion was ultrasonicated for the next
15 min. The molar ratio of TEOS to Fe;04 and NH4OH to TEOS was
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equal 8:1 and 16:1, respectively. After aging of silica gel ethanolic
solution of TiO; precursor (TIP, TBT) or suspension of commercial
TiO; (P25, ST-01) in ethanol was added into Fe304/SiO; dispersion.
Mixing was carried out for 2 h and then the obtained suspension of
the photocatalyst was centrifuged, dried at 70 °C to dry mass and
calcinated at 400 °C for 2 h. The calcination temperature was
attained at a heating rate of 2 °C min '

3. Results and discussion
3.1. Characterization of nanocomposites

The morphological properties determine the photocatalytic ac-
tivity of TiO,-based nanocomposites. Sample labeling, the amount
of Fe304 to TiOz, molar ratio of TEOS to Fe304 used during the
preparation procedure, as well as the magnetic properties of ob-
tained photocatalysts and their BET surface area are given in
Tables 1 and 2. The surface area for pure TiO,_TBT was 91 m? g .
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spinel structure of magnetite nanoparticles at a temperature above
200 °C resulted in conversion to the cubic structure of maghemite
(y-Fe03). Further, the increasing of temperature up to 650 °C
caused the phase transformation of cubic y-Fe,03 to tetragonal
structure of y-Fe;03 and finally to the phase of rhombohedral he-
matite (2-Fe;03) at 800 °C (Kazeminezhad and Mosivand, 2014).
Guivar et al. observed that the diffraction peaks at 20 value of
around 30°, 327, 35°,42°, 537, 57°, 63" and 75° correspond to [221],
[310], [311], [400], [511], [440] and [533] planes of maghemite
(Guivar et al., 2014). On the other hand, hematite is the most stable
iron oxide under ambient conditions (Kazeminezhad and
Mosivand, 2014). Bora et al. reported that in the case of magne-
tite nanoparticles with diameter below 20 nm, the maghemite
phase is the most stable phase due to the dominant factor of surface
free energy which is lower than for hematite. Transformation of
small Fe** nanoparticles to hematite requires therefore higher

peratures for nanoc ites than for bulk material. However,
larger iron oxide particles transform to -Fe;03 (Bora et al,, 2012).

The surface area of the Fe304/TiO; les ob d by hydroly

of TBT in Fe304 dispersion, fluctuated from 15m? g~ ' to 79 m?> g !
and was dependent on the mass ratio of Fe304 to TiO,. Introduction
of silica layer between Fe304 and TiO; results in increase of BET
surface area. The surface area of the samples Fe304@Si0/TiO2_5—7
obtained by TBT hydrolysis fluctuated from 210 to 297 m? g ' and
were dependent on silica content (molar ratio of TEOS to Fe304) in
the sample.

Relations between photoactivity in reaction of phenol, pyridine
and 4-heptanone degradation versus BET surface area are also
shown in Table 1.

The surface area of Fe304@Si0,/TiO; pared using

Thereft it should be noted that in the case of existence or
coexistence of magnetite, maghemite and/or hematite it is difficult
to identify the crystalline phase formed from the techniques of X-
ray diffraction. As shown in Fig. 2-b magnetic photocatalysts con-
taining a core of Fe304 and a SiO; layer in order to avoid photo-
dissolution of iron and to prevent phase transformation of Fe304 to
Fe;03 have shown no diffraction peaks at 33° and 41°. This means
that at the calcination step no oxidation of the magnetite core to
hematite or maghemite was occured.

The DR/UV-Vis absorption spectra for the Fe304/TiO; and final
Fe304@Si0,/TiO, nanostructures are presented in Fig. 3a,b. The

different TiO; source (see in Table 2) was mainly affected by surface
area of TiO; particles and SiO; introduced into structure of obtained
nanocomposites. For Fe304@Si0,/TiO; nanocomposi btained

1 d Fe304/TiO2 magnetic photocatalysts showed two ab-
sorption bands at the wavelength of about 300—350 nm attributed
to titanium (IV) oxide nanoparticles and at around 450 nm attrib-

with the same preparation conditions (Fe304:TiO; 1:2;
TEOS:Fe304 = 8:1), but by introducing different TiO; source during
preparation procedure, the BET surface area fluctuated from 124 to
297 m? g . The obtained results indicate that not so much the
surface area but rather the amount and source of TiO; deposited on
Fe304@Si0; nanocomposite influences the photocatalytic activity.

The X-ray diffraction pattern of the obtained Fe304/TiO; and
Fe304@Si0,/TiO; are presented in Fig. 2a,b. For Fe304/TiO; nano-
composites obtained using TBT as a titania NPs precursor pure
phase anatase was obtained. The average size of the TiO; crystal-
lites calculated using the Scherrer equation to the main peak of
anatase (101) was about 9 nm. The diffraction peaks at 30°, 35.6°,
43.2°,57.2°, 62.8° refer to [220], [311], [400], [511] and [440] planes
of cubic inverse spinel Fe3O4, respectively. The results are in good
agreement with XRD patterns of magnetite nanoparticles previ-
ously reported in the literature (Hui et al., 2010; Wu et al., 2015).
Additionally, the reflection peaks related to the maghemite [220],
[440] or hematite [104], [113] at 33° and 41° can be also detected.
Kazeminezhad et al. reported that heat treatment of inverse cubic

uted to nanoparticles absorption response. The pristine
TiO; only absorbs UV light with wavelength shorter than 380 nm
because of its wide band gap (3.0—3.2 eV). The absorption of visible
light for obtained nanocomposites results from introducing of iron
ions into the lattice structure of TiO,. On the other hand, Stefan at
el. stated that the absorption band observed at about 485 nm ap-
pears due to the fact that iron oxide nanoparticles can increase the
energy spacing between the TiO, conduction band states finally
leading to the energy quantization of levels (Stefan et al., 2014). The
absorption properties under Vis light were depended on the ratio of
TiO; (obtained from TBT) to Fe304. The sample Fe304/TiO,_4 with
mass ratio of Fe304 to TiO; equal 2:1 showed 2-times stronger
absorption of visible light compared to Fe304/TiO;_3 nano-
composite with proportion of Fe304 to TiO; at 1:4 (see in Fig. 3-a).

The energy band gap of the semiconductor samples was calcu-
lated by the Kubelka-Munk theory. As shown in Table 2, for mag-
netic photocatalysts with TiO; obtained via precursor hydrolysis
(TBT or TIP) the band gap values decrease and the absorption edge
generates red shift. Introduction of SiO; layer, which is character-
ized by a low absorption in the analyzed wavelength range reduces

Table 1

Characteristic of Fe;04/TiO; and Fe;0,@Si0,/TiO, photocatalysts obtained by hydrolysis of TBT in Fe;0, dispersion.
Sample label” Fe304/Ti0; TEOS/Fe;04 BET surface area Magnetic properties Degradation constant rate [min ']- 10 2 Energy band

2
Im?/g] |emu/g] Phenol Pyridine 4-Heptanone 83p [ev]

Fe304/Ti0;_1 1:1 o 16 182 101 0.18 136 18
Fe;04/Ti0;_2 1:2 . 37 1438 134 064 121 18
Fe304/Ti0;_3 1:4 = 79 75 3.02 026 210 19
Fe;04/Ti0; 4 21 = 15 425 0.85 0.15 0.46 1.7
Fe304@Si0,/Ti0;_5 12 21 210 202 0.68 0.04 0.69 18
Fe,0,@Si0,/Ti0,_6 1:2 8:1 297 153 0.77 0.18 0.72 18
Fe30,@5i0,(Ti0;_7 1:2 16:1 269 100 043 0.03 0.83 1.7

* All the samples were obtained using TBT as a TiO, precursor during preparation procedure.
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Table 2
Characteristic of Fe;0,4@Si0,/TiO; nanocomposites — the effect of TiO, matrix.
Sample label Fe304/Ti0; TEOS/Fe;04 BET surface Degradation constant rate [min ']-10 2 Energy band
2
area [m/g] Phenol Pyridine 4-Heptanone 83p [eV]
P25 - - 55 478 087 077 315
Fe304 - - 8 0.90 0.22 0.49 0.1
Fe304@5i0,/Ti0,_STO1 8:1 191 281 060 126 28
Fe304@Si0,/Ti0,_P25 8:1 124 4.60 085 198 315
Fe30,@Si0,/Ti0,_TIP 8:1 163 1.00 044 0.78 19
Fe304@Si0,/Ti0, TBT 8:1 297 0.77 0.18 0.72 18
a) b),
3 H
. A-anatase 1 < £ %
- % s -anatase
H ¥ :"°' = R-rutile
3 % 4 -Fe;0, = © - magnetite
8 s 3. s 5
s s = 5 3 g &
2z 8 g g g & ~ & s8 T - &3
i . = & 3 25 5 g £ g, |8 H § ¢ =
E < 2 <e = H = £ o2 &
Tio, (T8T) E L l
i F,04TiO;_4 (2:1) / Nt e Nt Mot My +.0.2510/T10, P25
Fo,0Ti0; 1(1:1) (W) S Mg Fo.0.@SI0/TIO,_STO1
Fe,0/Ti0; _1(1:2) i o @SIOJTIO, TBT
i %
Fo,0,TI0, 1 (1:4) A F4.0,08i0,Ti0, TP
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20

Fig. 2. XRD patterns of Fe;04/TiO, nanoparticles (a); Fe;0,@Si0,/TiO, nanocomposites varying the source of TiO, NPs (b).

the absorption properties in the range from 300 nm to 700 nm (as
shown in Fig. 3-a for samples Fe304@Si03/Ti0;_5-7).

The inset in Fig. 3-b showed the optical absorption edge (in eV)
for magnetic photocatalyst based on commercial form of TiO; (P25)
and the sample with TiO, obtained from TBT hydrolysis. It was
found that the band gap energy for Fe304@Si0,/TiO;_P25 photo-
catalyst was about 3.15, which indicates that silica and magnetite
particles were not introduce into structure of TiO,. For Fe304@Si0;/
TiO,_TBT the band gap energy equaled 1.8 eV, indicating doping of
TiO; lattice with iron oxide during preparation procedure. Our re-
sults are in good agreement with the literature. Niu et al. (2014)
obtained Fe304@TiO; nanocomposites by solvothermal crystalli-
zation of titanium precursor (TBT) on preformed Fe;O4 nano-
particles. The energy bandgap for obtained Fe304@TiO>
nanoparticles calculated by the Kulbeka-Munk theory was about

a) Fe,0,/Ti0, 4 (2:1)

Fe.0,
Fe,0,/Ti0, 2(1:2)

Fe,04/Ti0,_1(1:1)

Fe,0,@S10,Ti0, 5

Fe,0,Ti0, 3(1:4)

F(R) [a.u]

Fe,0,@Si0,/Ti0; 6

Fe,0,@Si0,/Ti0, 7

300 350 400 450 500 550 600 650 700 750 800
wavelength [nm)

2.10 eV Banisharif et al. (2013) reported that the band-gap of TiOz/
Fe304 photocatalysts prepared by an ull i isted deposi-
tion-precipitation method using TiCly as a titania precursor is
narrower than that of TiO; (from 2.0 to 2.4 eV) and increases with
increasing the molar ratio of TiO,/Fe304. The Fe** replaces Ti**
disassociated from TiO; and then generates an interband trap that
shifts TiO, absorption spectrum to the visible range (Banisharif
et al, 2013). The DR/UV-Vis analysis are also in good agreement
with SEM results.

SEM/EDS composition maps in a selected areas of Fe304@SiOz/
TiO,_TBT sample shown in Fig. 4-a indicated that Fe and Ti coexist
in the structure of nanocomposite. Aggregates of nanoparticles of
TiO, did not completely cover the Fe304 particles surface. More-
over, morphological comparison between samples Fe304@SiO2/
TiO,_TBT and Fe304@Si0,/Ti0,_P25 revealed differences in the

b - == selt-obtainad TiO, (TBT)

— commercie TIO, (P25)

[FIREN®

242628 3 32342638 4 42444543 5 52545658 6
EleV]

F(R)(a.u]

- - Fe.0,@Si0,T0, TBT

— -Fe304@SI02M02_TIP

250 300 350 400 450 500 550 600 650 700 750 8OO

Wavelength [nm]

Fig. 3. DR/UV-Vis spectra of Fe30,4/TiO, nanoparticles (a); Fe;04@Si0,/TiO; nanocomposites varying the source of TiO; (b).
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Fe;0/8i0,/TiO,_TBT

20nm

Fig. 4. SEM microscopy images for sample Fe;0,@Si0,/Ti; TBT (a) for sample Fe;0,@Si0/TiOz_P25 (b) TEM analysis for Fe;0,@Si0,/TiO; P25 (c).

textural features and composition of the surface layer of the
Fe304@Si0,/TiO; nanocomposites. As shown in Fig. 4-b for sample
Fe304@Si0,/TiO;_P25 a greater amount of Ti to Fe was detected
based on EDS analysis, which could be related to the formation of
TiO; layer coated on Fe304 core particles (Hasanpour et al., 2012).

Morphology of Fe304@Si0;/TiO,_P25 core-shell nanoparticles
were further determined using transmission electron microscopy.
Based on Fig. 4-c it can be seen that Fe;04@Si0;/TiO;_P25 nano-
particles show a roughly spherical morphology with aggregates of
magnetite particles surrounded by SiO; and thin TiO; layer.

The magnetic properties of as-prepared Fe304/TiO; composites
were measured at room temperature (273 K) and the results are
presented in Fig. 5-a. Magnetic properties depend on the amount of
magnetic phase fraction in the nanocomposites. The highest
observed value of saturation magnetization (~42.2 emu/g) was
found for Fe304/TiO,_4 (ratio 2:1). The introduction of silica layer
between Fe304 and TiO; resulted in a reduction of the saturation
magnetization (M) from 20.2 emu/g for sample Fe304@SiO,/TiO,_5
(TEOS:Fe304 = 2:1) to 10 emu/g for sample Fe304@SiO;[TiO;_7
with molar ratio TEOS/Fe304 = 16:1.

Taking into account the morphological, magnetic and photo-
catalytic properties of the obtained nanocomposites (as shown in
Table 1 and Fig. 5-b), we selected parameters corresponding to the
amount of Fe304 to TiO, and molar ratio of TEOS to Fe304 in order to
investigate the effect of TiO; matrix on photocatalytic activity of
magnetically separable photocatalysts. The most active sample
Fe304@Si0,/TiO;_P25 presented in Fig. 5-c showed the saturation
magnetization value of 12.1 emu/g. However, the remanent
magnetization (M;) of this sample was close to zero, indicating that
photocatalyst revealed superparamagnetic properties at room
temperature.

3.2. Characterization of flow back water

In our study flow back water from Baltic Shale Basin was
analyzed. The water samples were collected on days 1, 5, 10 and 15
following the fracturing process. The turbidity on the first day after
hydrofracturing was 420 NTU. Therefore, the study of physico-
chemical parameters of flowback water was performed after the
pre-treatment step of coagulation using iron (II) sulphate. The
amount of the coagulant was calculated based on the measured

turbidity of the samples. The pH value of flow back water remains
near neutrality (see in Table S2 in supporting materials). The con-
centration of salt in flow back increases with time of residence
down-hole. The organic compounds measured as TOC were
removed in the pre-treatment process with the very little efficiency
(below 5%), which indicates that they were mainly in the dissolved
phase. Exemplary results of GC/MS analysis for the flowback water
after 5 day of fracturing is presented in Fig. S1. Most of the organic
matter was organic aromatic hydrocarbons, which are also the
dominant constituent in extracts of organic shale that have not
been hydrofracked. Analysis by GC/MS showed that the waters
contained low amounts of organics that were added to the hydro-
fracking solution (see Table 3). These results indicate that flow back
waters contain some of the fracking constituents which are toxic,
resistant to degradation and cancerogenic. For future photo-
catalytic properties studies we selected three model pollutants
present in investigated flow back water, which are: pyridine,
phenol and 4-heptanone. Pyridine was chosen as model, since this
compound is one of the most toxic and cancerogenic organic
compounds present in flow back water. 4-heptanone is a volatile
organic compound and phenol is a non-volatile, common
contaminant frequently present in industrial wastewaters. More-
over, the US Environmental Protection Agency (EPA) and The Eu-
ropean Union (EU) have classified phenolic compounds as priority
pollutants since they are harmful to organisms at low concentra-
tions and to human health.

3.3. Photocatalytic degradation of model pollutants present in flow
back water

The kinetics of phenol photodegradation in aqueous solution
under UV-Vis light in the presence of Fe304/TiO; and Fe304@SiO;/
TiO; obtained using TBT as a TiO; precursor during preparation
procedure are shown in Fig. 6-a and the observed rate constants are
also included in Table 1. Among Fe304/TiO; nanocomposites the
best photocatalytic a ty in reaction of phenol and 4-heptanone
degradation revealed samples with the highest proportion of TiOz
to Fe304. The apparent rate constants of the first-order kinetic of
phenol photodegradation increased from 0.85-1072 min~' to
134-10% min' and 3.02:10% min' for Fe;04/Ti0; 4
(Fe304:TiO2 = 2:1); Fe304/TiO2_2 (Fe304:TiOz = 1:2) and Fe304/
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Fig. 5. Magnetic hysteresis for obtained Fe;04/Ti0; (a), Fes04@Si0,/TiO; (b) and the most sample Fe;0,4@Si0,/Ti0; P25 (c).
Table 3
Organic contaminants in flow back water, median day 10th.
Description Percentage Hazards from MSDS
1.3,5-Trimethylbenzene 1 Harmful if inhaled or swallowed
Toluene 03 Irritant
Butyl glycol 02 Harmful if inhaled or swallowed
Decahydronaphthalene 4
1-Bromo-3-methylcyclohexane 3 Harmful if swallowed.
Ethyl tert-butyl ether 1 Irritant, Harmful if swallowed
Pyridine 44 Harmful by ingestion, inhalation and if absorbed through skin.
2,3-Dimethyl-decahydronaphthalene 25 Not found
Benzaldehyde 03 Harmful if swallowed or inhaled
4-Heptanone 4 Harmful if inhaled
Phenol 11 Harmful if inhaled or swallowed.
1.2-Diisopropenyl-cyclobutane 69 Harmful by ingestion, inhalation and if absorbed through skin.
1.2-Dimethyldiazene 1-oxide 287 May cause cancer. May cause heritable genetic damage.
Oxalic acid, 6-ethyloct-3-yl isobutyl ester 3 Not found
a) b) ¢ ° c)!
0s a9 as
I —— — os s
or —— Y o ar
K - Fo0,T0, 2 os a8
Bus ~ roou0,3 Gus wreomo fas| =reomou
e e 0e |+ o003 as  wFe0TO,3
L « Fa0.850,T0, 5 P asliing] 0y | FDM@SO/TO, S

02 * F0,0,850,T0, 6

)] 100,70, 7

st e jric]

< Fo,0850T0, 5
* F4,0,850,TI0,
© Fe0,50,10, 7

o0 0 » x © © ®w
inadaton o el

 F0.0,880,T0, 6
> Fa.0.850,0, 7

» © © 0 0 Y
ruaton tma i)

Fig. 6. Degradation of phenol (a), pyridine (b) and 4-heptanone (c) with magnetic TiO,-based photocatalysts under UV-vis irradiation.
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Fig. 7. Degradation constant rates of Fe;04@Si0,/TiO; nanoparticles prepared using
different TiO, matrix.

TiO;_3 (Fe304:TiO; = 1:4), respectively. The 4-heptanone degra-
dation constant rate increased from 0.46-10 2 min ' to
210-107% min~" for Fe304/TiO;_4 and Fe304/TiO;_3, respectively.
The photocatalytic activity in reaction of pyridine degradation of
Fe304/TiO; nanocomposites increased with increasing Fe;04:TiO2
mass ratio from 2:1 up to 1:2 and then decreased for sample
Fe304:TiO,_3 for which the mass ratio of Fe304:TiO; equal 1:4 (see
in Fig. 6-¢). Sample Fe304/TiO;_3 with Fe304:TiO; mass ratio of 1:4
had the highest photocatalytic activity in reaction of phenol and 4-
heptanone degradation but 2 times lower value of saturation

ion « d to Fe304/TiO2_1 and Fe304/

TiOy_2.

In Fe304/TiOz nanoc the ph d charge car-
riers in the excite TiO; can be transferred into Fe304 phase because
of its lower lying conduction band and upper lying valence. In order
to prevent phase transformation of Fe;O4 to Fe;O3 and photo-
dissolution of iron, coating of silica nanoparticles was performed.
The silica content was controlled by varying the experimental pa-
rameters eg. molar ratio of TEOS to Fe304 and NH40H to TEOS
Among Fe304@Si0,/TiO; nanoc ined by hydrolysis of

Fe304@Si0,/Ti0;_7.

Simply dissolution test using ASA spectrophotometer was car-
ried out to check a silica coating insulation function. The results,
reported in Table S3 clearly indicate that no dissolution of
magnetite was ensured by presence of the silica shell.

The phenol photodegradation efficiency in the presence of
Fe304@Si0,/TiO; nanoparticles prepared using different TiO2 types
is presented in Fig. 7. It could be clearly observed that photo-
catalytic activity of the obtained nanoc strongly d d:
on the physical properties of TiO; (e.g., crystal structure and par-
ticle size) and operating conditions during preparation procedure.
Deposition of commercial TiO; photocatalyst on the core of
magnetite nanoaprticles resulted in enhancement of photoactivity.
The best photocatalytic activity revealed sample Fe304@SiO;/
TiOz_P25. After 60 min of irradiation about 95% of phenol was
degraded. This sample was selected for further reusability studies
of magnetic photocatalyst. In order to evaluate the effectiveness of
Fe304@Si0,/TiO,_P25 photocatalyst after its recovery, the four
subsequent cycles of pyridine degradation were proceed. The
photocatalyst was not removed from the reactor during the whole
experiment. Therefore before lhe 2nd, 3rd and 4th cycles, the
working sol was irradiated until a pyr-
idine degradation was achieved. After that a defined amount of
pyridine was added to the reactor to attain the initial concentration
of 200 mg/dm? and the next photodegradation cycle was started.
The obtained results are presented in Fig. 8-a. In the first cycle the
average degradation constant rate was 0.85 + 0.03 min ™. In the
second run the average degradation constant rate slightly de-
creases to 0.78 + 0.02 min~' and then achieved the highest loss of
photocatalyst effectiveness of 0.67 + 0.02 min~' due to adsorption
of organic compounds over the nanoparticles surface. In the fourth
cycle the average degradation rate increased to the initial value
measured in the second cycle of irradiation. The results proven a
high photocatalytic activity of the obtained Fe304@Si0;/TiOz P25
ite and the ibility of its re-use.

Afterwards, the efficiency of a model flow back water degra-
dation containing all three selected contaminants and salinity at
the value of 30 g dm~? was performed. It was found that during
30 min of dark reaction (without irradiation) no adsorption of the

nanoc

TBT in Fe304 dispersion the best photocatalytic activity led

model on the surface of photocatalyst occured. The

sample with molar ratio TEOS:Fe304 equal 8:1. The 60 min irradi-
ation resulted in 37% of phenol, 13% of pyridine and 64% of 4-
heptanone degradation. Considering the effect of mass ratio
Fe304:TiO;, molar ratios of TEOS to Fe304 and NH40H to TEOS on
magnetic and photocatalytic properties of obtained nano-
composi for further i igation sample Fe304@Si0;/TiO2_6
was selected due to its much higher photocatalytic activity and

ic properties compared to les Fe304@Si0,/TiO,_5 and

decomposition of pyridine, 4-hep and phenol was studied
by GC/MS analysis. As shown in Fig. 8-b, after 180 min of irradiation
about 44% of pyridine was decomposed foll dbyd dation of
65% of 4-heptanon and 78% of phenol. Photocatalytic degradation
of phenol and 4-heptanon in the mixture was only slightly lower
compared to their decomposition separately as individual organic
pollutants. However, the efficiency of pyridine degradation
decreased by about 30%. Elsayed (2015) have also observed that
increasing the initial concentration of the solution would decrease
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Fig. 8. Pyridine degradation constant rate in the presence of Fe;0,@5i0,/Ti0; P25 measured in the fourth
(b) i

of three model pollutants using Fe;0,@Si0,/Ti0;_P25

cycles (a), P of aqueous solution

Fe304@Si0,/Ti0,_P25 photocatalyst (c).

of organic

from flow back water. The COD removal as a function of time for
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the removal rates of pyridine. Moreover in the model solution,
chloride or sodium ions can compete with the organic pollutant for
the active sites, thus inhibiting the TiOy particles

2020 Strategy.

organic molecules degradation [Zielinska-Jurek et al., 2015].
Regarding real sample of flow back fluid treatment the effi-

ciency of organic ¢ ion is p d in Fig. 8-c
and described as the COD removal fraction using parameter R as:

(cope - copy) /cop,

where COD, and CODy, are the initial and at any irradiation time
COD values. The experiments were carried out under the natural
flow back water pH of 6.2 and temperature of 293 K. The flow back
water sample used for the photocatalytic degradation was pre-
liminarily submitted to coagulation and centrifugation to eliminate
the suspended solid. The results, reported in Fig. 8-c shows a COD
reduction of about 40% after 180 min of irradiation.

4. Conclusions

The efficiency of degradation of organic compounds present in
flow back water using Fe304/TiO; and Fe30,4@Si0,/TiO; nano-
composites is reported in this article. Magnetic photocatalysts were
prepared by heteroagglomeration method and their photocatalytic
efficiency as well as the ability of separation by the external mag-
netic field were investigated. For Fe304/TiO2 nanocomposites the
photocatalytic activity increase gradually with increasing propor-
tion of TiO; to Fe304 but the saturation magnetization decrease
since the content of Fe304 magnetic particles decrease. In order to
keep the composite particles with both photocatalytic efficiency
and magnetism at an appropriate level the optimum proportion of
Fe304 to TiO; was determined to 1:2. Magnetic cores were coated
with silica layer to prevent photodissolution of iron and phase
transformation of Fe304. Metal leaching was not detected in the
products, demonstrating the efficiency of magnetic separation and
stability of magnetite core during irradiation and under acidic
conditions (3 < pH < 5).

The results reported herein show for the first time that the TiO;
source (commercial TiO; or obtained from precursor hydrolysis)
influences the structural, photocatalytic and magnetic properties of
Fe304@Si0,/TiO; nanocomposites. Among all the obtained
Fe304@Si0,/TiO, nanocomposites the best photocatalytic activity
was observed for the sample Fe;04@Si0,/TiO,_P25, which was
almost as effective as TiO; (P25, Evonik) but easier separable due to
their superparamagnetic properties. Photocatalytic activity
measured in the fourth subsequent cycles showed good reusability
as no loss of efficiency of pyridine degradation was observed. The
efficiency of the model organic compounds degradation in their
mixture was 40%, 50% and 60% for pyridine, phenol and 4-
heptanone, respectively. Regarding flow back water treatment for
real sample, the photoactivity under UV-Vis light irradiation after
180 min of irradiation measured by chemical oxygen demand
(COD) removal was about 40%. The complete degradation of the
organic substances present in flow back water could be reached
within 8 h of illumination.
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Abstract: Core-interlayer-shell Fe304/Si0,/TiO;, CoFe;04/Si0,/TiO; and BaFe;049/5i0,/TiO;
magnetic photocatalysts were obtained. A water-in-0il microemulsion system with suitable
surfactants was used for functionalization of the magnetic core with silica interlayer and TiO,-based
photocatalyst. Uncoated and coated particles were characterized by electrophoretic measurements, X-ray
diffractometry (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM),
specific surface area (BET) measurements, diffuse reflectance spectroscopy (DRS) and vibrating sample
magnetometer (VSM) analysis. The pH of the solution and corresponding zeta potential was found
to be essential for appropriate formation of ferrite core/silica interlayer/TiO, shell nanocomposite,
since the electrical charge controls interactions during functionalization of the magnetic core particles.
Thus, the development of multilayer structure in the isoelectric point (IEP) region enhanced adhesion
of ferrite, silica and titania particles. The obtained Fe;O4/SiO,/TiO,;, CoFe;O4/SiO,/TiO; and
BaFe 20,9 /Si02/TiO; nanocomposites revealed superparamagnetic behavior. The decomposition rate
of phenol and carbamazepine allowed to estimate their photocatalytic activity. Progress of photocatalytic
mineralization of organic compounds was evaluated by total organic carbon (TOC) measurements.
Photocatalytic activity measured in four subsequent cycles showed good reusability as no loss of
efficiency of phenol degradation was observed.

Keywords: heterogeneous photocatalysis; magnetic photocatalysts; Fe304/SiO; /TiO;; CoFeyO4/SiO5 /TiOy;
BaFe20,9/5i0,/TiO,; core-shell structure; reusability; zeta potential

1. Introduction

UV-vis light driven photooxidation of persistant organic pollutants [1-3], removal of odors from
enclosed space [4], destruction of bacteria with low intensity radiation [5] and self-cleaning surfaces [6]
are examples of the potential of nanostructure-based photocatalysts. One of major challenges in
photocatalysis application is separation and recovery of nanosized TiO; particles from the treated
water, since sedimentation is usually insufficient, while filtration is costly [7]. Even if coagulation,
flocculation or centrifugation is used, the supernatant may not be clear. In the past decade, much effort
was devoted to photocatalyst immobilization on Raschig rings, glass tubes, glass beads, glass fiber,
zeolites and activated carbon [8-10]. However, immobilized TiO; was less active due to lower specific
surface area in such systems.

Catalysts 2017, 7, 360; doi:10.3390/ catal 7120360 www.mdpi.com/journal/catalysts
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In this regard, preparation of well performing and readily separable photocatalysts is a priority
in heterogeneous photocatalysis. Mesoporous titania micro- and sub-micro spheres, hierarchical
TiO; micro-sized particles were proposed for photodegradation of organic contaminants facilitating
its reuse [11-13]. Furthermore, to ease separation, composites consisting of a magnetic core and
photoactive shell have been also developed. Already in 1994 Hiroshi and coworkers patented
a preparation of Fe3Oy4/TiO, nanocomposites by deposition of titanium(IV) oxide onto a magnetic core.
TiOSO4 was hydrolyzed and precipitated [14]. Another early patented (1997) magnetic photocatalyst
was obtained by dispersion of ferromagnetic metal particles in TiO, suspension [15]. After 1998,
others followed depositing photocatalyst onto magnetic core particles [16-19].

Beydoun et al. [20] have shown that contact between crystalline photoactive titanium(IV) oxide
and magnetic iron oxide resulted in lower photocatalytic performance with respect to titanium(IV)
oxide only for degradation of organic compounds. Interactions between the iron oxide core and
the titanium(IV) oxide shell may result in charge carrier recombination of Fe;0, during illumination,
see Figure 1. Photogenerated electrons elevate to the conduction band (CB) of titanium(IV) oxide,
and reduce iron being transferred into the lower conduction band of Fe30y core. The photogenerated
holes at the valence band (VB) of TiO, prefer a more elevated conduction band of the iron oxide core,
leading to iron oxidation and subsequent leaching of iron ions into the solution.

Figure 1. Recombination of charge carriers and photodissolution of Fe3Oy during irradiation of
magnetic core and TiO; shell photocatalyst.

To overcome photodissolution and protect the magnetic core addition of silica [21,22] or
carbon [23], inert layer between the magnetic core and the TiO; shell was proposed. The structure
of the three-component photocatalyst comprises (1) a magnetic core for separation in magnetic field;
(2) an interlayer preventing photodissolution and charge carrier recombination; and (3) photocatalytic
shell layer for degradation of persistent organic pollutants. Introduction of magnetic nanoparticles into
the core/interlayer/shell structure including magnetite [24], maghemite [25], ferrites [26], bimetallic
nanoparticles of Fe-Ni, Co-Fe, Fe-Pt [27], has recently been examined.

In order to provide satisfactory magnetic response and efficient photocatalytic activity for
environmental purposes, further research is needed on preparation procedures that will ensure
uniform shape and size of magnetic particles as well as their core-interlayer-shell structure.

The aim of this investigation is to better understand the effect of the preparation procedure on
adhesion, magnetic properties and photocatalytic activity of Fe304/Si0,/TiO,, CoFe;04/Si0,/TiO,
and BaFe;2019/5i0,/TiO; composites in order to ease the separation of the photocatalysts. A novel
preparation procedure based on zeta potential analysis in a function of pH was used. The photocatalytic

~ 131 ~


http://mostwiedzy.pl

-
7 -

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

Catalysts 2017, 7, 360 30f19

activity was examined through degradation of phenol and carbamazepine as model organic pollutants.
The effect of the magnetic core, photocatalytic shellstructure, reaction matrix on the preparation of
the three-component magnetic photocatalyst in microemulsion system was investigated.

2. Results and Discussion

2.1. Preparation of Magnetic Photocatalysts—Measurement of Electrophoretic Mobility in a Function of pH
(Zeta Potential Determination)

In water suspension, the surface charge balance is referred to the diffuse layer and it is determined
by electrokinetic measurements, such as the zeta potential. It was found that electrostatic forces play
important roles in the process of deposition and development of ferrite core, silica interlayer and
TiO; shell structure of the nanocomposites. The relative charges of the surfaces are the determinant
parameters indicating whether the interaction is repulsive or attractive during functionalization of
the surface (see Figure 2). Values of the isoelectric point (IEP) of particles and substrates indicate
the pH, where the zeta potential is equal to zero and the range, where the adhesion is favored.
Thus, development of multilayer structure requires the knowledge of the pH values for ferrite,
silica and titania particles.

self-assembly
surface modification TiO,/SiO,
50 * SiO, S
40 Maximum
+ Fe,0, stability
30
S
E2 42, IEPEGT T
&1 sl Suspension
g0 y * aggregates
8 .10 6 7 over time
o} -
< 20 =0
N 29: e
-30 - .
-0 self-assembly M:(:g\l::y
501 surface modification SiO./Fe,O,

Figure 2. Zeta potential of Fe30y, SiO; and TiO; nanoparticles as a function of pH.

Metal oxide, ferrites are amphoteric solids, which in contact with water develop surface charge
due to protonation and deprotonation reactions. The amphoteric surface reactions can be described as:

=FeOH + H* «> FeOH," — acidic solution, pH < IEP 1)
=TiOH + H* & TiOH,"* — acidic solution, pH < IEP (2)
=FeOH ¢ FeO™ + H" — basic solution, pH > IEP 3)
=TiOH « TiIO™ + H" — basic solution, pH > IEP 4)

From Reactions (1)—(4), the changes of surface charge density as a function of pH are
determined. Below pHjgc, protonation reaction leads to the formation of FeOH,* and TiOH," groups,
while deprotonation occurs above the isoelectric point and gives rise to FeO™ and TiO™ groups.
The zeta potential of silica particles remained negative between pH 2 and 12. The zeta potential
data (Figures 2 and 3) indicate a positively charged surface of ferrites below pH 6.9 for CoFe;O4 and
7.5 for Fe304 and BaFe)0,9. For TiO; particles, the surface was positively charged below pH 6.7 and
negatively charged at pH value above the isoelectric point.
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Figure 3. Zeta potential of CoFe;0y (a) and BaFe ;0 (b) determined from the electrophoretic mobility
in dependence of the pH, 1=1 x 10~* M KCL.

Since, ferrite particles are positively charged at pH 5, interaction with negatively charged
silica leads to self-assembly of SiO; into the ferrite shell. TiO, nanoparticles are positively charged
at this pH, and therefore, compete with silica particles deposited on the ferrite core. At pH above
8, such deposition of silica and titania layers at the magnetite core was unsuccessful. Therefore,
the magnetic photocatalyst preparation route was carried out in alkaline conditions by self-assembly of
anionic silicates and cationic surfactant molecules cetyltrimethylammonium bromide (CTAB) to form
silica shell on ferrite core. The cationic surfactant also effectively interacts with negatively charged
titania species in alkaline media, resulting in the core-interlayer-shell structure of nanocomposite.

2.2. Characterization of the Nanoparticles

The morphology of the prepared ferrite particles and magnetic photocatalyst is determined by
SEM (Figure 4) and TEM (Figure 5) analysis. Crystalline BaFe;,019 particles hexagonal in shape with
random orientation and diameters of the aggregated particles in the range of 40-70 nm were observed.
The magnetic BaFe;20,9 core is surrounded by SiO; and TiO; layers (Figure 4b). The CoFe;Oy
spherical shape particles coated with SiO; and TiO; are visible in Figure 4c. Furthermore, TEM images
demonstrate CoFe;Oy particles composed of primary 15 nm diameter (Figure 4d), which corresponds
well with the 13 nm crystallite size determined from the XRD pattern using the Scherrer equation.
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c)
CoFe,0,/Si0/TiO,

Figure 4. SEM images of barium hexaferrite (a); barium hexaferrite coated with SiO; and TiO; layer (b);
cobalt ferrite, CoFe;Oy coated with SiO; and TiO; layer (c); TEM images of CoFe;04/Si0;/TiO; (d)
and CoFe;04/5i0,/TiO; (e).

The composition of the core-shell and core-interlayer-shell structure of magnetic nanocomposites
was studied using Cs corrected Scanning transmision electron microscopy STEM (high angle annular
dark field, HAADF) imaging supplemented with Energy-dispersive X-ray spectroscopy (EDXS)
mapping, as shown in Figure 5a,b.

a) Si
Sio,
;
v

Figure 5. HAADF images of Fe30,4/SiO; (a) and Fe304/Si0,/TiO, (b) combined with mappings of
Fe304, SiO; and TiO; (blue is Ti, red is Fe and green Si).
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The single core-shell structure of Fe3O4 with uniform SiO; nanometer-thick shell is presented
in Figure 5a. According to the TEM image of core-interlayer-shell Fe304/Si0,/TiO, nanoparticle
the dark and bright regions correspond to the Fe304 and the shell, respectively. The magnetic core is
identified as the darker region compared to the non-magnetic SiO, and TiO; shell area due to their
different electron-absorbing abilities [25]. The core-interlayer-shell structure of Fe30;4 coated with SiO
and TiO, was confirmed by EDXS mapping, presented in Figure 5b.

The physicochemical characteristics of the magnetic particles and magnetic photocatalysts
e.g., crystallite sizes, indirect band gap values, BET surface areas are given in Table 1.
Cetyltrimethylammonium bromide (CTAB) and t-octylphenoxypolyethoxyethanol (Triton X-100)
were used as surfactants. Commercial TiO, P25 or TiO, obtained from titanium butoxide (TBT)
hydrolysis were used as starting materials for preparation of photocatalyst layer onto magnetic
core. Derived from the plot of the Kubelka-Munk function versus the photon energy gives
indirect band gaps of 0.5 eV, 0.7 eV, 1.0 eV and 1.4 eV, 0.9 eV and 1.0 eV for Fe304, CoFe;0;,
BaFej3049 and Fe304/Si0,, CoFe;04/Si0;, BaFe;019/Si0; particles, respectively. The energy gap of
Fe304/5i0,/TiO,, CoFe;04/Si0, / TiO,, BaFe 3049/5i0, / TiO; magnetic photocatalysts were similar
to those reported for TiO; [29,30], which indicates that silica and magnetite particles were not introduce
into structure of TiO,.

The BET surface area was evaluated from the nitrogen physisorption data using the Brunauer-Emmett-
Teller equation [31]. Among ferrite particles, CoFe;Oy exhibits the smallest crystallite size of 13 nm
and the highest specific surface area of 45 m?.g~!. The BET surface area increased to 124 m?-g~! for
Fe;04/Si0; and 170 m?.g ! for BaFe;,049/SiO; nanocomposites. For magnetic photocatalysts, the BET
surface area fluctuated from 60 m?-g ! to 154 m?>-g~! and was dependent mainly on the source of TiO,
deposited on ferrite/SiO; particles (see in Table 1). The BET surface area for CoFe;Oy4/SiO; coated with
commercial TiO, P25 (50 m2<g" ), was more than two times lower compared to CoFe;04/SiO; coated with
self-obtained TiO; particles from TBT hydrolysis in water cores of microemulsion with a particle size of 5 nm
and BET area of 178 m?-g~". This result further confirms the core-shell structure of magnetic photocatalysts.
The ferrite core of nanocomposite was encapsulated with titania, and therefore, the BET surface area of
magnetic photocatalyst was related to the surface area of pure TiO, particles.

Composition of the crystalline phase was examined by XRD analysis with respect to Fe;0y,
Fe30,4/5i0;, Fe304/Si0,/TiO,_2 (in Figure 7a) and CoFe;04, CoFe;0y/Si0,, CoFey0,/Si0,/TiO, 2
(in Figure 7b), respectively. The Fe;O4 nanoparticles exhibit intense peak at 20 = 35.2°, which is
the (311) reflection and has highly crystalline cubic spinel structure, in agreement with the standard
Fe304 XRD spectrum (JCPDS card No. 89-3854).

Table 1. Physicochemical characteristics of the ferrite particles and obtained magnetic photocatalysts.

Sample Label TiO; Source Preparation Conditions Crystallite Size (nm) BET Surface Area ()
pH Surfactant  Anatase  Rutile  Ferrite (m¥/g)

Fes0y - 10 CTAB - - 45 9 05
CoFe;04 - 10 - - - 13 45 07
BaFe;;09 - 10 CTAB - - 50 06 10
Fe304/5i0; - 5 - - a7 169 14
CoFey0,/Si0y - 5 - - - 13 124 09
BaFey2010/5i0; - 10 CTAB - - 50 170 10
Fe304/5i0;/Ti0O; 1 P25 5 TX-100 19 26 47 m 32
Fe304/5i0,/TiO; 2 P25 10 CTAB 19 24 45 9% 32
CoFe04/5i02/Ti02 1 TBT 5 TX-100 5 - 13 154 32
CoFey04/5i02/ 1102 2 P25 5 TX100 18 b4 13 69 32
BaFe;3019/i02/Ti0;_1 BT 10 CTAB 5 - 50 100 31
BaFe;3010/Si02/Ti0; 2 TBT 5 TX-100 5 - 49 60 31

Moreover, for cobalt ferrite particles, the diffraction peak positions attributed to (220), (311),
(400) and (440) reflections also confirmed formation of cubic spine phase, which is in accordance with
JCPDS card No. 22-1086. The broad diffraction peak at 28 = 15-25° corresponds to an amorphous
silica layer in the nanocomposite structure [32,33]. The diffraction peaks of TiO, can be attributed to
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(101), (103), (200) and (105) reflections of anatase TiO,, and (110), (101), (200) reflections of rutile TiO,
and are in agreement with the standard anatase XRD spectrum (JCPDS card No. 89-4203) and rutile
XRD spectrum (JCPDS, No. 76-1940). The most intense diffraction peaks of spinel ferrite particles
in the XRD patterns (Figure 7a,b) at 35.3° for Fe304 and 31.8° for CoFe;O4 became weaker, due to
the formation of the TiO; shell on the surface of ferrite particles.

The magnetic properties of uncoated and coated ferrite nanocomposites were investigated
using magnetic hysteresis curves from ACMS analysis at room temperature as shown in Figure 6.
The magnetic parameters, such as saturation magnetization (M), coercivity (H.) and remanent
magnetization (M,) are given in Table 2. Obtained spinel and hexagonal ferrites posse strong
ferromagnetic properties. The saturation magnetization (M;) of Fe304, BaFe;2019 and CoFe;Oy
were 89 emu/g, 64 emu/g and 39 emu/g, respectively.

Table 2. Magnetic parameters of the uncoated and coated ferrite nanoparticles.

Sample Label M; (emu-g~1) He (Oe) M; (emu-g~1)
Fe304 89 100 9
CoFe,0y 60 130 2
BaFe2019 64 140 16
Fe;0,4/5i0; 17 100 2
CoFe;04/510; 15 150 0
BaFe;;04/Si0; 16 80 4
Fe304/5i0,/TiO,_1 8 100 1
Fe30,/510,/Ti0; 2 /i 100 1
CoFe;0,/8i0,/Ti0;_1 9 250 1
CoFe;04/8i0,/Ti0; 2 6 150 1
BaFe;049/5i0,/TiO_1 3 80 9
BaFe;2040/5i0,/TiO;_2 3 80 9

The magnetic properties of materials are influenced by particles size, crystallinity and surface
structure. The M; of the ferrite/SiO; and ferrite/SiO, / TiO; nanocomposites decreases after coating
with silica and titania layers, while the coercivity of titania-silica-coated Fe304, BaFe 2019 and CoFe;Oy
nanoparticles does not show any change after coating, because coercivity represents the property
of magnetic material and is determined by the strength and number of the magnetic dipole in
the magnetic domain [34]. Furthermore, saturation magnetization values for Fe304 nanocomposites
were recalculated using emu/mol of Fe3Oy, see in Figure 6d. The amount of ferrite particles was
determined from X-ray fluorescence spectrometer (XRF) analysis and these results were in agreement
with theoretical stoichiometric calculations. The hysteresis loops do not change after coating. There is
a 14% difference of M, between uncoated Fe3Oy (3372 emu/mol) and Fe304 coated with SiO; or
Si0; /TiO; layer (2919 emu/mol).
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Figure 6. X-ray diffraction patterns of the as-prepared Fe3Oy, Fe304/Si0,, Fe304/Si0,/TiO,_2 (a)
and CoFe;0y, CoFe;04/Si03, CoFe;04/5i02/TiO;._2 (b).
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Figure 7. Magnetic hysteresis loops of Fe304 based nanocomposites (a); CoFe;Oy-based nanocomposites

(b) and BaFe;;0;9-based nanoparticles (c); recalculated hysteresis loops for Fe304 composites (d).

The magnetic photocatalysts can exhibit superparamagnetic behavior due to their small H. and
M, values.
The critical sizes of the magnetic single-domain were calculated using equation:

[ A
Der = s.w v

where A is the exchange stiffness and M; is the saturation magnetization of the material and the data are
given in Table 3. The critical size of a magnetic single-domain calculated for Fe;04 with M; value
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of 89 emu/g, using exchange stiffness A = 0.7 perg/cm (7 pJ/m) [35] was about 250 nm. This value
exceeds the limit of the critical radius for superparamagnetic domain of Fe30y, which is about 49 nm [36].
On the other hand, the single-domain critical sizes (D,,) were 67.5 nm and 24.8 nm for BaFe;;0;9 and
CoFe;04 and were lower than theoretical values [37,38], suggesting that the obtained BaFe;,0;9 and
CoFe;O4 magnetic nanocomposites can reveal superparamagnetic properties.

Table 3. Critical sizes of single-domain magnetic Fe30y, BaFe 0,9, CoFe;O4 nanoparticles.

M, A Doy Literature D, d Refs

(emu/g) (pJ/m) (nm) (nm) (nm) "

Fey0y 89 7 250 19 >200 [36]
BaFe,019 60 20 67.5 1000 70 [37]
CoFe;04 64 3 248 30 15 [38]

Furthermore, when the applied intensity of magnetic field is close to zero, the remnant
magnetization of samples decreases to zero. It indicates that the samples can be separated from
water when an external magnetic field is added, and redispersed in water solution after the external
magnetic field is eliminated, as shown in Figure 8, for CoFe;04/Si0, /TiO; nanocomposite.

Figure 8. Image of CoFe;04/Si0,/TiO; magnetic separation after 1 min (a) and 5 min (b) after
applying magnet rod.

2.3. Photocatalytic Activity of Magnetic Nanocomposites

In the first round of experiments of our study, phenol was selected as a model pollutant.
Phenol and its derivatives are commonly encountered organic pollutants in industrial effluents
that have caused severe environmental problems. Phenol was not degraded in the absence of
illumination, indicating that there was no dark reaction at the surface of self-prepared nanocomposites.
The functionalization of the magnetic core with silica interlayer and a layer of commercial TiO;
P25 results in higher photocatalytic performance, as shown in Figure 9 for Fe;0,4/5i0,/TiO,_1,
Fe304/5i0,/TiO,_2 and CoFe;04/Si0, /TiO;_2 photocatalysts.

Moreover, phenol degradation for Fe304/Si0,/TiO; and CoFe;04/5i0,/TiO;_2 nanocomposites
was comparable to the commercial nano-sized TiO; P25 (Evonik, Essen, Germany), which proves
effective deposition of TiO, P25 onto the magnetic core with the ability to easily separation of
photocatalyst from reaction system. Total organic carbon (TOC) analysis also revealed that high
mineralization was achieved for Fe304/Si0,/TiO;_1, CoFe;04/Si0,/TiO,_2 and Fe304/Si0,/TiO5_2.
After 30 min. of irradiation more than 90% of phenol was decomposed and mineralization was above
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80%. The magnetic photocatalysts CoFe;04/Si0;/TiO,_1 and BaFe,09/Si0;/TiO,_2 obtained by
deposition of TiO, from TBT hydrolysis in water cores of microemulsion revealed lower photocatalytic
activity in reactions of phenol degradation. After 30 min. of irradiation about 80% and 27%
of phenol was degraded and mineralization was 52% and 15% for CoFe,04/SiO,/TiO,_1 and
BaFe|3019/Si0,/TiO,_2, respectively. Salamat et al. reported that the variations in the photocatalytic
activity of TiO,/SiO; deposited on Fe30y are probably related to the effect of change in the molar
ratio of Ti and Si to Fe3Oy [28]. Therefore, it can be assumed that photocatalytic and magnetic
properties can be manufactured by appropriately adjusting the reaction condition during formation
of the semiconductor shell. That means adjustment of a ratio of the core portion particle diameter
and shell thickness depends on appropriately adjusting the formation condition during formation of
the shell. Further study on the selection and setting of the specific conditions with respect to individual
magnetic particles are presently being conducted.

Another set of experiments were performed using carbamazepine as a model organic compound.
Carbamazepine is one of the commonly used pharmaceuticals, which passes through wastewater
treatment plants almost completely unaffected and has been found to be highly persistent in
the environment. The efficiency of carbamazepine degradation is presented in Figure 10 and described
as TOC removal fraction.
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Figure 9. Efficiency of phenol degradation (C/Co) and mineralization (TOC/TOCo) of obtained
magnetic photocatalysts.
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P
time. Experimental conditions: phenol initial concentration Co =6 x 10~% M, content of photocatalyst
2 g-dm~3, 300 W xenon lamp.

The highest efficiency of carbamazepine mineralization revealed CoFe;O4/SiO,/TiO;_2 and
Fe304/Si0,/TiO;_1 magnetic photocatalysts, which were also the most active in reaction of phenol
degradation. After 120 min. of irradiation, TOC removal was 87% and 85% for CoFe,0y4/SiO,/TiO;_2
and Fe304/Si0,/TiO;_1, respectively. For CoFe;O4/Si0,/TiO;_1, Fe304/Si0,/TiO, 2 and
BaFe3049/5i0,/TiO;_2 nanocomposites the carbamazepine removal efficiency equaled 54%,
80% and 21%, respectively.

Furthermore, the most active magnetic photocatalyst CoFe;Oy4/SiO,/TiO,_2 was selected for
reusability studies. In order to evaluate the effectiveness of magnetic photocatalyst after its recovery,
the four subsequent cycles were carried out, see data in Figure 11. At the end of the first run of phenol
degradation, CoFe;04/Si0; /TiO,_2 nanoparticles were separated from aqueous solution by external
magnetic field and then treated wastewater was discharged. The separated photocatalyst was then
reused without any treatment. High photocatalytic degradation was maintained after four consecutive
cycles, without any loss in degradation.
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Figure 11. Efficiency of phenol degradation in the presence of CoFe;04/SiO;/TiO; magnetic
photocatalyst measured in the fourth subsequent cycles.

2.4. Discussion

Core-interlayer-shell structure magnetic photocatalysts were prepared in a w/o microemulsion
system based on changes in the zeta potential as a function of pH. Ferrite particles are positively
charged in acidic medium (pH < 7), while silica nanoparticles showed negative charge in the pH range
of 2-12. Therefore, the functionalization of magnetic core with silica interlayer in acidic medium leads
to self-assembly of SiO; into the ferrite shell. Electrostatic interactions between negatively charged
silica and positively charged titania particles enables the functionalization of magnetic core with
silica interlayer and TiO, photocatalyst layer in acidic conditions. At pH above 7, such deposition of
silica and titania layers at the magnetite core was unsuccessful. Therefore, magnetic photocatalyst
preparation route was carried out in alkaline conditions by self-assembly of anionic silicates and
cationic surfactant molecules (CTAB) to form a silica shell on a ferrite core. The cationic surfactant
also effectively interacts with negatively charged titania species in alkaline media, resulting in
the core-interlayer-shell structure of nanocomposites. The energy gap of the core-interlayer-shell
magnetic photocatalysts was similar to those reported for TiO,. Moreover, the ferrite core encapsulated
with silica and titania exhibited the BET surface area related to surface area of pure TiO, particles,
which indicates that the ferrite core was encapsulated with titania shell, and therefore, the BET
surface area of magnetic photocatalyst was related to pure TiO; particles surface area. Furthermore,
the composition of the core-shell and core-interlayer-shell structure of magnetic nanocomposites was
confirmed by TEM microscopy with EDXS mapping. The CoFe,Oy core coated with silica interlayer
and TiO; P25 layer exhibited long-term photocatalytic activity, in which more than 80% of phenol is
decomposed to CO; in each 30-min cycle of degradation.

Higher photocatalytic activity was observed for the samples Fe304/SiO;/TiO2_1,
CoFe;04/5i0,/TiO;_2 and Fe304/Si0O;/TiO;_2 obtained by deposition of commercial TiO;
P25 on the ferrite core and silica shell nanoparticles with respect to the magnetic photocatalysts
CoFe;04/5i0,/TiO;_1 and BaFe3019/5i0,/TiO;_2 obtained by deposition of TiO; from TBT
hydrolysis. The titanium(IV) oxide P25 consisting of mixture of anatase and rutile phases is
a well-known and widely investigated photocatalyst used as reference material to evaluate
the photocatalytic activity of new materials. The higher photocatalytic activity of TiO, P25
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compared to anatase is ascribed to synergistic effects of anatase and rutile particles, which enhance
the electron-hole separation [39,40]. Recent studies have shown that photoactivity of P25 exceeds that
of anatase in several reaction systems [41,42]. Previously, we have also reported that TiO, P25, which is
a mixture of anatase and rutile phases exhibited higher efficiency of phenol, pyridine and 4-heptanone
degradation compared to commercial anatase particles TiO; ST-01 and anatase obtained from titanium
isopropoxide (TIP) and titanium butoxide (TBT) hydrolysis in aqueous phase [43,44]. Therefore,
the lower photocatalytic activity of BaFe12019/Si0, /TiO;_2 nanocomposite results from the properties
of the photocatalytic layer instead of the magnetic core behavior. Salamat et al. [28] reported that
the variations in the photocatalytic activity of TiO,/SiO; deposited on Fe30; are related to the effect
of change in the molar ratio of Ti and Si to Fe304. Therefore, it can be assumed that the amount
of silica and titania deposited on the surface of the ferrite core should be determined depending
on the ferrite core particles size and shape. Based on microscopy and XRD analysis, the surface of
Fe30;4 and CoFe,0j spinel ferrites was precisely coated titanium(IV) oxide layer, while titania coating
on BaFe ;019 hexagonal ferrite obtained under the same preparation conditions (ferrite:TiO; = 1:2,
TEOS:ferrite = 8:1) was poor and should be further verified by individually adjusting the amount of
silica and titania deposited on barium ferrite particles.

Obtained spinel and hexagonal ferrites possess strong ferromagnetic properties. The saturation
magnetization (M;) of Fe304, BaFe;;019 and CoFe;Oy were 89 emu/g, 64 emu/g and 39 emu/g,
respectively. For all magnetic nanocomposites, the saturation magnetization values were calculated
into emu/gram of the Fe304/SiO, /TiO,, CoFe;04/5i0,/TiO; and BaFe 3049/Si0,/TiO; photocatalyst
including the mass of the non-magnetic silica and titania layer. Therefore, decrease in M; for magnetic
particles coated with non-magnetic silica and titania was observed. Further, the magnetization values
were recalculated using emu/mol of Fe304. The amount of ferrite particles into the structure of
the magnetic nanocomposite was determined from XRF analysis and these results were in agreement with
the nominal composition of the magnetic photocatalyst which yielded saturation magnetization values
only slightly lower (about 14%) with respect to uncoated magnetite particles. The decrease in M; can be
attributed to the non-magnetic iron oxide (Fe;O3) content [45] or higher surface spin disorder created
by SiO; coating [46]. The critical size of a magnetic single-domain calculated for Fe30y for M value of
89 emu/g, using exchange stiffness A = 0.7 perg/cm (7 pJ/m) [35] was about 250 nm. This value exceeds
the limit of a critical radius for superparamagnetic domain of Fe30,, which is about 49 nm, as reported
by Petracic [36]. On the other hand, the single-domain critical sizes (D) were 67.5 nm and 24.8 nm
for BaFe ;019 and CoFe, Oy, respectively and were lower than theoretical values [37,38], suggesting
that the obtained BaFe ;09 and CoFe;O4 magnetic nanocomposites can reveal superparamagnetic
properties. Furthermore, the microscopy TEM/SEM and XRD analyses, as well as M(H) results
indicate the superparamagnetic behavior of the CoFe;04/Si0,/TiO, and BaFe;,049/Si0,/TiO,
magnetic photocatalysts.

3. Experimental Part

3.1. Materials

All reagents used were of analytical grade (purchased from Aldrich, Poznan, Poland) and used
without further purification.

Commercial TiO; P25 (mixture of the crystalline phases: anatase and rutile, Sggr = 50 ng“,
particle size: 20 nm, supplier: Evonik, Essen, Germany) was used for preparation of magnetic
photocatalysts. Ferrous ferric oxide (50 nm; Fe3Oy, Aldrich, Poznan, Poland) made the magnetic
core of nanocomposites. FeCly-4H;0, FeCl3-6H,0, FeSO4-7H,0, Fe(NO3)3-9H,0, ZnCly, BaNO3
were provided by Aldrich (Poznan, Poland), ZnCl; was provided by Fluka (Bucharest, Romania),
and CoCl3-6H,0 was purchased from POCh (Gliwice, Poland) and used as starting materials for
preparation of spinel and hexagonal ferrites. Ammonium hydroxide solution (25%) was purchased
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from Avantor (Gliwice, Poland Tetraethyl orthosilicate (TEOS) was provided by Aldrich (Poznan,
Poland) and used as precursor for preparation of silica-coated magnetic nanoparticles.

Cyclohexane was purchased from Avantor (Gliwice, Poland) and used as the continuous oil phase of
w/o microemulsion. Cetyltrimethylammonium bromide (CTAB) and t-octylphenoxypolyethoxyethanol
(Triton X-100), and n-butanol were purchased from Sigma Aldrich (Poznan, Poland) and were used as
surfactants and co-surfactant, respectively. Phenol and carbamazepine were provided by Sigma Aldrich
and used as model organic pollutants.

3.2. Preparation of Magnetic Photocatalysts

The magnetic photocatalysts were obtained in w/o microemulsion system using suitable
surfactants, allowing adsorption of the individual layers on the surface of the magnetic core.
Microemulsion served as a system of nanoreactors for preparation of ultrafine particles with a narrow
size distribution. The aqueous phase nanodroplets are dispersed in the continuous oil phase
additionally protected and stabilized against agglomeration by the surfactant at the interface of
w/o. Each droplet is a nanoreactor, wherein the chemical reaction is carried out. This allows for tight
control of the shape and size of the obtained particles.

3.2.1. Preparation of Spinel and Hexagonal Ferrite Particles

Magnetite (Fe304) and CoFe;Oy belong to the family of spinels. Magnetite with a valence
structure of (Fe**)[Fe?*Fe**]042~, one of the most investigated magnetic compound, was obtained by
co-precipitation of ferrous and ferric salts at pH > 8 using cationic surfactant (CTAB). Ferric chloride
hexahydrate and ferrous chloride tetrahydrate (2:1) were dissolved in 500 cm® de-ionized water.
After purging the solution with nitrogen, 0.5 g CTAB in 10 cm® of hexane were added followed by
addition of 5 M NaOH to the pH value of 10. After 2 h reaction period, particles were separated
magnetically, washed with deionized water and dried at 80 °C to dry mass.

Spinel cobalt ferrite, CoFe,Oy, hard magnetic material with cubic magnetocrystalline anisotropy,
high coercivity, moderate saturation magnetization and physicochemical stability was obtained
by co-precipitation of FeSO4-7H,0 and CoCl3-6H,0 in the mol ratio of Co to Fe equaled to 1:2.
The precipitation agent, 5 M NaOH, was added to the solution at room temperature in nitrogen
atmosphere to pH value of 10. The mixture was stirred for 30 min, sealed in a Teflon-lined stainless-steel
autoclave and maintained at 200 °C for 5 h Obtained particles were separated in external magnetic
field, washed with deionized water and dried in 80 °C to dry mass.

Hexagonal ferrite, BaFe;,019, magnetic compound, with high resistivity, magneto-crystalline
anisotropy and saturation magnetization was prepared by co-precipitation of Fe(NO3)3-9H,0 and
Ba(NOj3); with Fe to Ba molar ratio equaled to 10 under nitrogen conditions and in the presence of
the cationic surfactant (CTAB). After purging the solution with nitrogen gas, 0.5 g CTAB in 10 cm?
of hexane were added followed by addition of precipitation agent 5 M NaOH to the pH value of 10.
Obtained precipitate was separated, washed with distilled water, dried at 80 °C, and calcined at
1000 °C for 2 h.

3.2.2. Preparation of Spinel and Hexagonal Ferrite Coated with Silica Interlayer and TiO, Shell

In this study, the core-shell and core-interlayer-shell magnetic nanocomposites preparation
method based on changes in the zeta potential as function of pH was proposed. The functionalization of
magnetic core with silica interlayer and TiO; photocatalyst layer was carried out in w /o microemulsion
system depending on the particles surface charge in aqueous phase in different pH. As shown in
Figure 12, magnetic photocatalysts were prepared by two variants of the microemulsion method.
In the first variant, presented in Figure 11, magnetic nanoparticles (Fe30;, CoFe, Oy or BaFe;;019) were
dispersed in w/o microemulsion of cationic surfactant cethyltrimethylammonium bromide (CTAB),
n-hexanol and aqueous phase. Aqueous solution was prepared by dissolving sodium hydroxide
in deionized water to pH value of 10. The water content was controlled by fixing the molar ratio
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of water to surfactant at 15 and the volume ratio between oil phase and water phase (0/w) was 6.
Then, tetraethylorthosilicate (TEOS) dispersed in 20 cm® microemulsion containing ammonia in
aqueous phase was added into microemulsion containing magnetic nanoparticles. The molar ratios of
TEOS to ferrite was 8:1 and NH4OH to TEOS equaled 16. Obtained Fe304/SiO, particles were
covered with commercial TiO, (P25, Evonik) or TiO, obtained by hydrolysis of TiO, precursor
(titanium n-butoxide, TBT) in water cores of microemulsio. In this regard, TiO, P25 powder or
TiO; precursor (TBT) was dispersed in a solution of CTAB/n-hexanol in molar ratio 1 to 12.6 and
added into microemulsion containing ferrite/SiO, particles maintaining aqueous phase (5 M NaOH)
pH value at 10. The molar ratio of ferrite to TiO, was 1:4 or 1:2. Finally, microemulsion was destabilized
with acetone and obtained ferrite/SiO;/TiO; particles were separated, dried at 80 °C to dry mass and
calcined at 400 °C for 2 h.

Figure 12. Schematic illustration of magnetic photocatalysts preparation procedure at pH 10 (a) and at
pH 5 (b) in w/0 microemulsion.

Another option shown in Figure 12b, modification of ferrite (Fe3O4, CoFe;Oy4 or BaFe;3,019)
particles with silica interlayer and TiO, layer, was performed in TX-100/water/cyclohexane
microemulsion. Firstly, ferrite particles were dispersed in 0.2 M TX-100 in cyclohexane. The water
content was controlled by fixing the molar ratio of water to surfactant at 30 and the volume ratio
between the oil phase and the aqueous phase (o/w) was 15. Then, tetraethylorthosilicate (TEOS)
dispersed in micrc Ision containing 0.1 M hydrochloric acid in the aqueous phase was added into
microemulsion containing magnetic nanoparticles. The molar ratio of TEOS to ferrite was 8:1 and pH
of the aqueous phase was adjusted to 5. Obtained Fe304/SiO; particles were covered with commercial
TiO;, (P25, Evonik) or TiO, obtained by hydrolysis of TiO, precursor (titanium n-butoxide, TBT) in
microemulsion system at pH of the aqueos phase adjusted to 5. The molar ratio of ferrite to TiO,
was 1:4 or 1:2. Finally, microemulsion was destabilized with acetone and obtained ferrite/SiO, /TiO,
particles were separated, dried at 80 °C to dry mass and calcined at 400 °C for 2 h.

3.3. Characterization of Magnetic Photocatalysts

XRD analysis were performed using Rigaku Intelligent X-ray diffraction system SmartLab
equipped with a sealed tube X-ray generator. Data acquisition conditions were as follows: 20 range
20-80°, scan speed: 1°min~! and scan step 0.01°. The crystallite size of the photocatalysts in
the direction vertical to the corresponding lattice plane was determined using Scherrer’s equation
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based on the corrected full width at half maximum (FWHM) of the XRD peak and angle of diffraction.
Subtraction of the FWHM of the standard was employed as correction method.

To evaluate the light-absorption properties of modified photocatalysts, the diffuse reflectance
(DR) spectra were recorded, and the data were converted to obtain the absorption spectra. The band
gap energies of photocatalysts were calculated from the corresponding Kubelka-Munk function,
F(R) = (iE-RRi, where R is reflectance, which is proportional to the absorption of radiation, by plotting
F(R)O'SE'.,h05 against Ejp,, where Ep, is photon energy. The measurements were carried out on
Thermo Scientific Evolution 220 (Waltham, MA, USA) spectrophotometer equipped with PIN-757
integrating sphere.

Nitrogen adsorption-desorption isotherms were recorded at liquid nitrogen temperature (77 K)
using Micromeritics Gemini V (model 2365) (Norcross, GA, USA) instrument and the specific surface
areas were determined using the Brunauer-Emmett-Teller (BET) method.

XPS analysis was carried out in multichamber ultrahigh vacuum (UHV) system, (Prevac,
Rogow, Poland).

The morphology and distribution size of magnetic photocatalysts were observed using
Cs-corrected STEM (High Angle Annular Dark Field, HAADF) imaging supplemented with EDXS
mapping (JEOL200F, Zaventem, Belgium).

The progress of photocatalytic degradation of organic compounds was measured with application
of TOC analyzer (Hach Lange Company, Wroclaw, Poland). The effect of pH on particles surface
charge was measured as zeta potential (mV) using Malvern Nano Zetasizer (Malvern Instruments Ltd.,
Malvern, UK).

Magnetic hysteresis loops were carried out using Physical Properties Measurements System
(PPMS, Quantum Design, San Diego, CA, USA). Measurements were performed at temperature 293 K
in the range of 0-3 T.

3.4. Measurements of Photocatalytic Activity

In order to evaluate photocatalytic activity, 50 cm® of 2 x 10~* M phenol solution or 6 x 107> M
carbamazepine solution containing 0.1 g suspended magnetic photocatalyst was stirred and aerated
prior and during the photocatalytic process. The suspension of photocatalyst was irradiated using
a Xenon lamp (6271H, Oriel, CA, USA), emitting UV-vis light. The power flux at UV range (310-380 nm)
was 50 mW-cm 2. The 50 cm® photoreactor of 3 cm thickness of exposure layer was equipped with
a quartz window. The temperature of the aqueous phase during irradiation was kept at 20 °C using
a water bath. Aliquots of 1.0 cm? of the aqueous suspension were collected at regular time periods
during irradiation and filtered through syringe filters (@ = 0.2 um) to remove the photocatalyst
particles or isolated by magnetically separation (in cycles of degradation) and washed with water.
Phenol concentration was estimated by colorimetric method using Thermo 220 Evolution UV-vis
Spectrophotometer (Waltham, MA, USA). Moreover, the progress of phenol and carbamazepine
photocatalytic degradation was measured by the total organic carbon (TOC) concentration (TOC
Analyzer, Shimadzu, Kyoto, Japan). Photocatalytic degradation runs were preceded by blind test
in the absence of a photocatalyst or illumination. No degradation of phenol or carbamazepine was
observed in the absence of either the photocatalyst or illumination.

4. Conclusions

In this work, we developed a novel method for the preparation of the magnetic photocatalysts
with controllable formation core-interlayer-shell structure based on zeta potential changes in aqueous
phase. The functionalization of magnetic core with silica interlayer and TiO;, photocatalyst layer was
performed in a w/o microemulsion system using non-ionic (TX-100) and cationic (CTAB) surfactants,
depending on the particle surface charge in different pH values. The positively charged ferrite particle
can interact in acidic conditions with negatively charged silica, leading to self-assembly of SiO; into
ferrite shell. Indeed, TiO, nanoparticles are positively charged, and thus, interact competitively
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with silica particles deposited on a ferrite core. In alkaline conditions, cationic surfactant is used
as a binder to form a silica shell on a ferrite core. Moreover, the cationic surfactant also effectively
interacts with negatively charged titania species, resulting in the core-interlayer-shell structure of
nanocomposite. The composition of the core-interlayer-shell structure of magnetic nanocomposites was
confirmed by TEM analysis supplemented with EDXS mapping. Based on XRD data crystalline cubic
spinel structure of Fe304 and CoFe;04, magnetic particles with crystallite size of 45 nm and 13 nm
was observed. BaFe;;0y9 particles were hexagonal in shape with the random orientation and
diameters of the aggregated particles in the range of 40-70 nm. The obtained nanocomposites
exhibit superparamagnetic behavior. The best photocatalytic activity in the reaction of phenol and
carbamazepine photomineralization was observed for the sample CoFe;04/SiO; /TiO;_2 obtained by
self-assembly of SiO; and TiO, P25 particles at pH = 5 on the surface of cobalt ferrite. This photocatalyst
was as effective in the reaction of phenol degradation as TiO, (P25, Evonik), but more easily separable
due to superparamagnetic properties. Photocatalytic activity measured in the fourth subsequent cycle
showed good reusability and no loss in phenol degradation.
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Opis wynalazku

Przedmiotem wynalazku jest sposéb otrzymywania warstwowych fotokatalizatoréw magnetycznych
o strukturze wielowarstwowej, aktywnych w zakresie promieniowania UV i Vis, majgcych zastosowanie
zwlaszcza w reakcji fotokatalitycznej degradaciji wybranych zwigzkéw organicznych i nieorganicznych.

Konwencjonalne metody oczyszczania $ciekdw, plynéw technologicznych nie zawsze sg sku-
teczne i efektywne w odniesieniu do usuwania z nich substanciji trudno degradowalnych, niepodatnych
na rozkiad biologiczny, takich jak: pestycydy, wielopierscieniowe weglowodory aromatyczne, zwigzki
chloroorganiczne oraz barwniki. Efektywna metodg usuwania zanieczyszczen z takich sciekow i plynow
technologicznych sa procesy zaawansowanego utleniania, ktére cechuje wytwarzanie in-situ utleniaczy
o najwyzszym potencjale utleniajacym, takich jak: rodniki hydroksylowe, aniony nadtlenkowe, tlen sin-
gletowy oraz nadtlenek wodoru. Sposréd najbardziej efektywnych metod zaawansowanego utleniania
nalezy wymieni¢ proces fotokatalizy, w ktérym degradacja zanieczyszczeri odbywa sie¢ w obecnosci
fotokatalizatora, poddanego dziataniu promieniowania elektromagnetycznego. Najczesciej opisywanym
fotokatalizatorem, z uwagi na niska cene oraz wysoka aktywnos¢ fotokatalityczna, jest tlenek tytanu(IV),
rozdrobniony do postaci czastek o nanometrycznych rozmiarach, co zapewnia duzg powierzchnige wia-
$ciwg i zwigksza efektywno$¢ degradacii zanieczyszczen poprzez zwigkszenie powierzchni kontaktu
fotokatalizator — zanieczyszczenie. Wielko$¢ czgstek TiOz generuje jednak trudnosci w jego separacii,
po procesie oczyszczania, przyczyniajgc si¢ do wzrostu kosztéw prowadzenia procesu, poprzez stoso-
wanie drogich metod separacji m.in. ultrafiltracji.

Jednym z najnowszych i efektywnych rozwigzan zagadnienia separaciji fotokatalizatora po proce-
sie oczyszczania i jego ponownego zastosowania w procesie, wykluczajacym konieczno$¢ immobilizaciji
na nosniku stalym jest preparatyka nanokompozytu, ktéry poza wysoka efektywnoscig rozkiadu zanie-
czyszczen w reakcji fotokatalitycznej posiada dodatkowe wilasciwosci, umozliwiajgce jego separacje
z wodnej zawiesiny, z zastosowaniem pola magnetycznego.

Znane s3 sposoby otrzymywania fotokatalizatorow o wiasciwosciach magnetycznych, ktére jed-
nak w wyniku bezposredniego kontaktu materialu magnetycznego zawierajgcego jony metalu, szcze-
gdlinie zelaza podatne sg na fugowanie chemiczne w fazie wodnej o odczynie kwasowym (pH<7). Pro-
wadzi to czesto do wtérnego zanieczyszczenia Sciekéw lub w wyniku kontaktu z powierzchnia fotokata-
lizatora do jego zatrucia i w konsekwencji obnizenia efektywnosci rozkladu zanieczyszczen obecnych
w fazie wodnej metodg fotokatalityczng. Ponadto w trakcie procesu fotokatalitycznego moze nastgpo-
wac fotochemiczne fugowanie jonéw Zelaza do roztworu, bedgce efektem reakcji wygenerowanych no-
$nikow fadunku na powierzchni polprzewodnika (np. TiOz) z czasteczka tlenu lub wody, ktére zdolne sg
do utleniania Zelaza lub innego metalu znajdujacego si¢ na powierzchni czgstki magnetycznej. W tym
odniesieniu pokrycie powierzchni kompozytu inertng warstwg oddzielajacg magnetyczny rdzen od war-
stwy fotokatalizatora pozwala na wielokrotne zastosowanie otrzymanego fotokatalizatora w procesie
oczyszczania $ciekow lub plyndw technologicznych, nie zmieniajac jego wiasciwosci fotokatalitycznych
oraz magnetycznych.

Z dokumentacji zgloszeniowej CN102357363A znany jest sposob preparatyki fotokatalizatora
TiO2/Si02/Fe:0s o wlasciwosciach magnetycznych aktywnego w zakresie $wiatta widzialnego. Nano-
czastki magnetyczne otrzymano metodg straceniowg w wyniku dodawania do wodnego roztworu
FeCls6H20 i FeSO« amoniaku w temperaturze 40-60°C w atmosferze gazu obojetnego, azotu. Otrzy-
many osad czastek magnetycznych dyspergowano w alkoholu etylowym, dodawano TEOS w ilosci od
0,5% do 10% molowych i mieszano w temperaturze 50°C—-60°C. Hydrolize krzemionki przeprowadzano
dodajac wodny roztwér kwasu solnego, a nastepnie po 30 min mieszania dodano amoniak i kontynuo-
wano mieszanie przez 10 h. Stosunek wagowy TEOS do amoniaku wynosit 2:3. Nastepnie do wody
dejonizowanej wprowadzono prekursor TiOz — siarczan tytanylu, mocznik oraz otrzymane czastki ma-
gnetyczne i prowadzono reakcje hydrotermalng w temperaturze 120-200°C przez 5-18 h. Otrzymane
czastki charakteryzowaly si¢ magnetycznoscia 3 emu-g'.

Z dokumentacji patentowej CN1103637C znany jest sposob preparatyki fotokatalizatoréw ma-
gnetycznych, ktérych rdzen stanowi zwigzek o wlasciwosciach magnetycznych, o wielkosci czastek od
5 nm do 10 um otrzymany w wyniku dyspergowania czastek magnetycznych z grupy: FesOs, y-Fez0s,
CrOz, Co-Fez0s, BaFe1201s w roztworze wodnym o pH 11, ktére nastepnie wkraplano do roztworu krze-
mianu sodu i zywicy kationowej o pH 10. Calo$¢ poddawano dziataniu ultradzwigkéw, mieszano, su-
szono i kalcynowano w temperaturze 600°C przez 1 h. Otrzymane czastki magnetyczne pokryte war-
stwa inertng krzemionki po suszeniu ucierano z pélprzewodnikiem takim jak: TiOz, SnOz, ZnO, Cds czy
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WOs z dodatkiem wody, otrzymujgc paste fotokatalizatora, ktérg nastepnie suszono i kalcynowano
w temperaturze 500°C przez 1 h.

Znane sg sposoby otrzymywania fotokatalizatorébw magnetycznych o strukturze rdzen-otoczka.
Wedlug tych sposobéw mozna otrzymywac czastki o wielko$ci rzedu od kilku nm do kilkudziesieciu um.
Jednak czesto magnetycznos$¢ otrzymanych nanokompozytéw jest niewielka (ponizej 5 emu-g'), co nie
pozwala na efektywng separacje magnetyczng w krotkim czasie fotokatalizatora z fazy wodnej. Ponadto
otrzymywanie fotokatalizatora magnetycznego w srodowisku o odczynie kwasowym, dla ktérego czastki
magnetyczne oraz warstwy fotokatalitycznej (np. TiOz) charakteryzujg sig¢ zwigkszonym powierzchnio-
wym ladunkiem dodatnim, wplywa na ich wzajemne odpychanie i nie prowadzi do otrzymania pozadanej
struktury rdzen-otoczka nanokompozytu. Procesy wytwarzania czastek magnetycznych impregnowa-
nych warstwa inertng oraz warstwa fotokatalityczng prowadzone sg wieloetapowo w kolejnych etapach
polegajacych na (1) otrzymaniu czastek magnetycznych i ich obrébce termicznej, (2) dyspergowaniu
wysuszonych czastek magnetycznych w mieszaninie reakcyjnej, (3) osadzeniu czastek warstwy inertnej
i ich ponownej obrébce termicznej, a nastepnie (4) osadzeniu czastek fotokatalizatora, suszeniu i kal-
cynacji otrzymanego nanokompozytu.

W tym odniesieniu nalezy wskazac, ze dotychczas nie jest znany sposéb otrzymywania fotokata-
lizatorow magnetycznych, wedlug ktérego struktura nanokompozytu moze by¢ dowolnie zaprojekto-
wana i otrzymana w oparciu o pomiar potencjatu elektrokinetycznego (zeta) poszczegdinych kompo-
nentéw ukladu: materialu magnetycznego, warstwy inertnej oraz fotokatalizatora, a nastgpnie odpo-
wiedni dobér pH, w jakim nalezy przeprowadza¢ adhezje poszczegolnych warstw na powierzchni rdze-
nia magnetycznego, w celu otrzymania struktury rdzen-otoczka lub struktury wielowarstwowej.

Sposaéb wytwarzania fotokatalizatora magnetycznego charakteryzuje sie wediug wynalazku tym,
Ze preparatyka czgstek magnetycznych, wytwarzanie warstwy inertnej oraz warstwy fotokatalizatora
moga by¢ prowadzone w jednym ukiadzie, bez koniecznosci separacji poszczegdlnych jego komponen-
téw. Proces przeprowadza sig w oparciu o zmiang wiasciwosci powierzchniowych czastek w funkcji pH.
Sposdéb otrzymy ia fotc izatorow magnetycznych prowadzi sig réwniez w ukiadzie mikroemulsji
w/o, jednak mozna réwniez stosowaé w tym celu roztwory wodne oraz roztwory wodne surfaktantow.

W przedstawionym sposobie otrzymywania nanokompozytéw magnetycznych wedlug wyna-
lazku, do roztworu wodnego wprowadza si¢ prekursory czastek magnetycznych korzystnie w atmosfe-
rze gazu obojetnego, korzystnie azotu ilub argonu, i/lub amoniaku, dodaje si¢ odczynnik stracajacy
czastki magnetyczne i jednocze$nie podwyzszajacy pH, w zakresie od 7 do 14, korzystnie do wartosci
8-12, z grupy: wodorotlenki metali grupy | i Il A ukladu okresowego pierwiastkéw, amoniak, sole amo-
nowe, aminy, otrzymujac zawiesine czgstek magnetycznych. Jako czgstki magnetyczne stosuje sig do-
wolny ferryt spinelowy, korzystnie z grupy: MFez20s (M=Mn, Zn, Fe), CoFez:M:Os (M=Zn?*, Mn?*),
v-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFei201s, BaFei201s-M2Fe«Os (M=Mn, Fe, Zn),
zwigzki z grupy magneséw organicznych, pyt Zelazowy lub stopy metali i ich nanoczastki o wiasciwo-
$ciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, korzystnie Fe-Ni. Zawiesing
czastek magnetycznych w wodzie i/lub alkoholu miesza sig korzystnie w atmosferze gazu obojetnego
lub tlenku wegla(IV), sporzadza sig drugg mieszanine w ten sposéb, Ze sporzadza sie alkoholowy i/lub
wodny roztwér substancji obnizajacej pH z grupy: kwaséw karboksylowych i/lub kwaséw nieorganicz-
nych, korzystnie kwas solny i/lub kwas octowy i/lub kwas cytrynowy i/lub kwas askorbinowy o pH
w zakresie od 1 do 7, korzystnie od 3 do 6, do ktérego dodaje si¢ skiladnik warstwy inertnej w postaci
wegla korzystnie w postaci grafitu lub grafenu, polimeru poli(N-izopropyloakryloamidu) glikolu polietyle-
nowego lub polidimetylosiloksanu lub prekursora skfadnika warstwy inertnej, takiego jak tetraetyloorto-
krzemian (TEOS) i/lub tetrametoksysilan (TMOS) w stosunku molowym skfadnika warstwy inertnej do
czastek magnetycznych wynoszacym w zakresie od 0,01:1 do 20:1, korzystnie od 0,5:1 do 10:1. Na-
stepnie do zawiesiny czgstek magnetycznych wkrapla si¢ drugg mieszaning i ustala sie pH ponizej 7,
korzystnie w zakresie od 3 do 6, calo$¢ miesza sig, a nastepnie dodaje sie czastki fotokatalityczne
z grupy: TiOz, WOs, ZnO, SnO2, CdS, korzystnie TiOz, korzystnie w postaci prekursora piprzewodnika
czastek fotokatalitycznych, korzystnie tetrabutylo tytanian i/lub tetraizopropylo tytanian i/lub siarczan
tytanylu i/lub czterochlorek tytanu w takiej ilosci, aby stosunek molowy poiprzewodnika do czastek ma-
gnetycznych wynosit od 0,1:1 do 30:1, korzystnie w zakresie od 0,5:1 do 4:1. Czastki fotokatalityczne
korzystnie modyfikuje sie¢ powierzchniowo nanoczastkami metali szlachetnych lub bimetali, korzystnie
Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10% molowych w stosunku do
polprzewodnika, korzystnie od 0,01 do 1% molowych lub czastki fotokatalityczne korzystnie domiesz-
kuje sig niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku
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do pdiprzewodnika, korzystnie od 0,01 do 15% wagowych lub czastki fotokatalityczne korzystnie do-
mieszkuje si¢ niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych
w stosunku do péiprzewodnika, korzystnie od 0,01 do 15% wagowych i dodatkowo modyfikuje sie po-
wierzchniowo w znany sposéb nanoczgstkami metali, korzystnie platyny, miedzi, palladu, srebra, ziota,
rutenu w ilosci od 0,01 do 10% molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1%
molowych. Stopien pokrycia czastek magnetycznych warstwg inertng i warstwg fotokatalityczng moni-
toruje sig mierzac potencijat zeta powstatego ukladu dyspersyjnego. Potencjat zeta dla czastek magne-
tycznych pokrytych krzemionkg w $rodowisku kwasowym przyjmuje warto$¢ ujemna, natomiast po
wprowadzeniu do ukiadu czgstek warstwy fotokatalitycznej i ich adsorpcji na powierzchni czastek ma-
gnetycznych, potencjat zeta przyjmuje warto$¢ dodatnig. Po co najmniej 10 min mieszania, lub uzyska-
niu dodatniej wartosci potencjalu zeta dla czastek pokrytych warstwa inertng i TiOz, otrzymane czastki
separuje si¢ za pomocg pola magnetycznego, przemywa sie woda, suszy sig¢ do statej masy, w tempe-
raturze 60-90°C i kalcynuje sie w temperaturze 250-1000°C przez 0,5-5 godzin.

Projektowane nanokompozyty o wlasciwosciach fotokatalitycznych i magnetycznych wediug wy-
nalazku korzystnie otrzymywane sa w wyniku preparatyki z zastosowaniem zwigzkéw powierzchniowo
czynnych niejonowych, pozwalajacych na efektywng adhezje poszczegdinych warstw na powierzchni
rdzenia magnetycznego, korzystnie przeprowadza si¢ reakcje w ukfadzie mikroemulsji w/o. W mikro-
emulsji nanokrople fazy wodnej zdyspergowane s w fazie cigglej — olejowej, dodatkowo stabilizowanej
ichronionej przed aglomeracig przez surfaktant na granicy faz w/o. Kazda z kropel stanowi mikroreaktor,
a wielko$¢ tworzacych sig czastek jest ograniczona poprzez wielkos¢ kropli fazy wewnetrznej. Dzigki
temu mozna kontrolowa¢ wielko$¢ otrzymywanych czgstek materialu magnetycznego, nukleacje
i wzrost czastek fotokatalizatora magnetycznego zgodnie z zamierzonym oczekiwaniem.

W przedstawionym sposobie otrzymywania warstwowego fotokatalizatora magnetycznego we-
diug wynalazku do wodnego i/lub alkoholowego roztworu surfaktantu niejonowego, korzystnie eteru
p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym (TX-100), monostearynian sorbitanu, mono-
laurynianu sorbitanu (Tween 80) w stezeniu od 0,01M do 3M wprowadza sig czastki magnetyczne. Jako
czastki magnetyczne stosuje sig dowolny ferryt spinelowy, korzystnie z grupy: MFe20s (M=Mn, Zn, Fe),
CoFez:M:0s (M=Zn?*, Mn?+), y-Fez20s, dowolny ferryt heksagonalny, korzystnie BaFei2019, BaFei201s-
-MzFesOs (M=Mn, Fe, Zn), zwigzki z grupy magneséw organicznych, pyl zelazowy lub stopy metali i ich
nanoczastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, korzyst-
nie Fe-Ni. Nastgpnie sporzadza si¢ drugg mieszaning zawierajacg alkoholowy iflub wodny roztwér sur-
faktantu niejonowego, korzystnie eteru p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym
(TX-100), monostearynian sorbitanu, monolaurynianu sorbitanu (Tween 80) w steZeniu od 0,01M do 3M
zawierajacy substancje obnizajgcq pH z grupy: kwasow karboksylowych ilub kwaséw nieorganicznych,
korzystnie kwas solny i/lub kwas octowy i/lub kwas cytrynowy /lub kwas askorbinowy o pH w zakresie
od 1do 7, korzystnie od 3 do 6, do ktérego dodaje sie skiadnik warstwy inertnej w postaci wegla ko-
rzystnie w postaci grafitu lub grafenu, polimeru poli(N-izopropyloakryloamidu), glikolu polietylenowego
lub polidimetylosiloksanu lub tetraetyloortokrzemianu (TEOS) i/lub tetrametoksysilanu (TMOS) w sto-
sunku molowym skiadnika warstwy inertnej do czastek magnetycznych wynoszacym w zakresie od
0,01:1 do 20:1, korzystnie od 0,5:1 do 10:1. Nastepnie do zawiesiny zawierajgcej czastki magnetyczne
wkrapla si¢ drugg mieszaning i ustala si¢ pH ponizej 7, korzystnie w zakresie od 3 do 6, calo$¢ miesza
sie, a nastepnie dodaje sie czastki fotokatalityczne pétprzewodnikéw z grupy: tlenek tytanu (1V) TiOz,
tlenek wolframu (VI) WOs, tlenek cynku ZnO, dwutlenek cyny SnO, siarczek kadmu CdS, korzystnie
TiO2, korzystnie w postaci prekursora pdiprzewodnika czastek fotokatalitycznych, korzystnie tetrabutylo
tytanian i/lub tetraizopropylo tytanian i/lub siarczan tytanylu i/lub czterochlorek tytanu, w takiej ilosci, aby
stosunek molowy czastek fotokatalitycznych do czastek magnetycznych wynosit od 0,1:1 do 30:1, ko-
rzystnie w zakresie od 0,5:1 do 4:1. Czastki fotokatalityczne korzystnie modyfikuje si¢ powierzchniowo
nanoczastkami metali szlachetnych lub bimetali, korzystnie Pt-Cu, Pt- Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt,
Ag-Cu w ilosci od 0,01 do 10% molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1%
molowych lub czgstki fotokatalityczne korzystnie domieszkuje sig niemetalem z grupy azot, siarka, bor,
jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do pélprzewodnika, korzystnie od 0,01 do
15% wagowych lub czgstki fotokatalityczne korzystnie domieszkuje sig niemetalem z grupy azot, siarka,
bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do pélprzewodnika, korzystnie od 0,01
do 15% wagowych i dodatkowo modyfikuje sie powierzchniowo w znany sposéb nanoczgstkami metali,
korzystnie platyny, miedzi, palladu, srebra, zlota, rutenu w ilosci od 0,01 do 10% molowych w stosunku
do potprzewodnika, korzystnie od 0,01 do 1% molowych. Nastepnie po co najmniej 10 min mieszania

~ 153 ~


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

PL 233 343 B1 5

lub uzyskaniu dodatniej warto$ci potencjalu zeta dla czastek fotokatalizatora magnetycznego, otrzy-
mane czastki separuje si¢ za pomocg pola magnetycznego, przemywa si¢ wodg, suszy si¢ do stalej
masy, w temperaturze 60-90°C i kalcynuje si¢ w temperaturze 250-1000°C przez 0,5-5 godzin.

W przedstawionym sposobie otrzymywania warstwowego fotokatalizatora magnetycznego we-
diug wynalazku otrzymywanie czastek magnetycznych korzystnie prowadzi sig w mikroemulsji w/o lub
ukfadzie odwréconych miceli. Sporzadza sig mikroemulsje w/o skiadajacy sig z fazy wodnej, ktéra za-
wiera roztwor soli metali stanowigce prekursory czastek magnetycznych oraz faze olejowa, ktora za-
wiera ciekle weglowodory korzystnie cykloheksan i/lub oktan i/lub izooktan i/lub heptan oraz surfaktant
niejonowy korzystnie eter p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym, monooleinian po-
lioksyetylenosorbitanu (Polisorbat 80), monooleinian sorbitanu (Span 80), monostearynian sorbitanu,
monolaurynianem sorbitanu (Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej ko-
rzystnie cykloheksanu i/lub izooktanu i/lub heptanu, i/lub oktanu i/lub ko-surfaktant, korzystnie izopro-
panol i/lub n-butanol ilub heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej, do ktérej
dodaje sie¢ mikroemulsjg w/o stabilizowang surfaktantem niejonowym, korzystnie eter p-1,1,3,3-tetrame-
tylobutylofenylowo polietylenoglikolowym, monooleinian polioksyetylenosorbitanu (Polisorbat 80), mo-
nooleinian sorbitanu (Span 80), monostearynian sorbitanu, monolaurynianem sorbitanu (Tween 80)
w stezeniu od 0,1M do 10M w stosunku do fazy olejowej korzystnie cykloheksanu i/lub izooktanu i/lub
heptanu, i/lub oktanu i/lub ko-surfaktantem, korzystnie izopropanolem i/lub n-butanolem i/lub heksano-
lem o steZeniu od 0,1M do 10M w stosunku do fazy olejowej, zawierajacg w fazie wodnej substancje
podwyzszajgca pH w zakresie od 7 do 14, korzystnie do wartosci w zakresie od 8 do 12, z grupy: wo-
dorotlenki metali grupy | i Il A ukiadu okresowego pierwiastkéw, amoniak, sole amonowe, aminy. Calo$¢
miesza sig otrzymujac mikroemulsje zawierajgcg zdyspergowane czastki magnetyczne. Sposob otrzy-
mywania czgstek fotokatalizatora magnetycznego w mikroemulsji w/o charakteryzuje sie tym, Zze spo-
rzadza sie pierwsza mikroemulsje w/o zawierajgcg zawiesine czastek magnetycznych oraz surfaktant
niejonowy, korzystnie eter p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym, monooleinian
polioksyetylenosorbitanu (Polisorbat 80), monooleinian sorbitanu (Span 80), monostearynian sorbitanu,
monolaurynianem sorbitanu (Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej ko-
rzystnie cykloheksanu i/lub izooktanu /lub heptanu, i/lub oktanu /lub ko-surfaktant, korzystnie izopro-
panol i/lub n-butanol i/lub heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej. Jako czastki
magnetyczne stosuje sie dowolny ferryt spinelowy, korzystnie z grupy: MFez0: (M=Mn, Zn, Fe), CoFez
M;O: (M=Zn?, Mn#), y-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFeiz01s, BaFei201s-
-MzFesOs (M=Mn, Fe, Zn), zwigzki z grupy magneséw organicznych, pyt zelazowy lub stopy metalii ich
nanoczastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, korzyst-
nie Fe-Ni. Oddzielnie sporzadza sig¢ druga mikroemulsje w/o zawierajacg surfaktant niejonowy korzyst-
nie eter p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym, monooleinian polioksyetylenosorbi-
tanu (Polisorbat 80), monooleinian sorbitanu (Span 80), monostearynian sorbitanu, monolaurynianem
sorbitanu (Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej korzystnie cykloheksanu
i/lub izooktanu lub i/heptanu /lub oktanu i/lub ko-surfaktant, korzystnie izopropanol i/lub n-butanol i/lub
heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej oraz w fazie wodnej substancje ob-
nizajaca pH z grupy kwaséw organicznych i/lub nieorganicznych, korzystnie kwas cytrynowy i/lub kwas
solny i/lub kwas askorbinowy o stezeniu od 0,01 do 10M, korzystnie 1M, o pH ponizej 7 korzystnie od 3
do 6, nastepnie do drugiej mikroemulsji dodaje sie skiadnik warstwy inertnej w postaci substancji z grupy
krzemionki, polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego lub wegla korzystnie w po-
staci grafitu lub grafenu lub prekursora skfadnika warstwy inertnej, takiego jak tetraetyloortokrzemian
(TEOS) i/lub tetrametoksysilan (TMOS), w stosunku molowym skiadnika warstwy inertnej do czastek
magnetycznych wynoszacym od 0,01:1 do 20:1, korzystnie od 1:1 do 10:1, nastgpnie miesza sig¢ razem
pierwszg mikroemulsje z drugg mikroemulsjg caly czas utrzymujgc pH ponizej 7, korzystnie w zakresie
od 3 do 6, po czym dodaje sig czastki fotokatalityczne potprzewodnikdw z grupy: tienek tytanu (1V) TiOz,
tienek wolframu (VI) WOs, tlenek cynku ZnO, dwutlenek cyny SnO, siarczek kadmu CdS, korzystnie
TiO2 korzystnie w postaci prekursora poiprzewodnika, korzystnie tetrabutylo tytanian i/lub tetraizopro-
pylo tytanian i/lub siarczan tytanylu i/lub czterochlorek tytanu, w takiej ilosci, aby stosunek molowy cza-
stek fotokatalitycznych do czgstek magnetycznych wynosit od 0,1:1 do 30:1, korzystnie w zakresie od
1:1 do 4:1, caly czas utrzymujac pH ponizej 7 korzystnie od 3 do 6. Czastki fotokatalityczne korzystnie
modyfikuje si¢ powierzchniowo nanoczastkami metali szlachetnych lub bimetali, korzystnie Pt-Cu,
Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10% molowych w stosunku do péiprze-
wodnika, korzystnie od 0,01 do 1% molowych lub czastki fotokatalityczne korzystnie domieszkuje sie
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niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do
potprzewodnika, korzystnie od 0,01 do 15% wagowych lub czastki fotokatalityczne korzystnie domiesz-
kuje sie niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku
do pdiprzewodnika, korzystnie od 0,01 do 15% wagowych i dodatkowo modyfikuje si¢ powierzchniowo
W znany sposéb nanoczgstkami metali, korzystnie platyny, miedzi, palladu, srebra, zlota, rutenu w ilosci
od 0,01 do 10% molowych w stosunku do pétprzewodnika, korzystnie od 0,01 do 1% molowych. Czastki
fotokalityczne korzystnie dodaje si¢ w postaci mikroemulsji w/o (mikroemulsji trzeciej) zawierajacej sur-
faktant niejonowy korzystnie eter p-1,1,3,3-tetrametylobutylofenylowo polietylenoglikolowym, monoole-
inian polioksyetylenosorbitanu (Polisorbat 80), monooleinian sorbitanu (Span 80), monostearynian sor-
bitanu, monolaurynianem sorbitanu (Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej
korzystnie cykloheksanu i/lub izooktanu lub i/heptanu i/lub oktanu, i/lub ko-surfaktant, korzystnie izopro-
panol i/lub n-butanol i/lub heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej, w takiej
ilosci aby stosunek molowy péiprzewodnika do czastek magnetycznych wynosit od 0,1:1 do 30:1, ko-
rzystnie w zakresie od 1:1 do 4:1, o pH o wartosci ponizej 7, korzystnie 3 do 6 do mikroemulsji powstatej
ze zmieszania pierwszej mikroemulsji zawierajacej czastki magnetyczne i drugiej mikroemulsji zawiera-
jacej skiadnik warstwy inertnej i substancje obnizajaca pH. Nastepnie po co najmniej 10 min mieszania
lub uzyskaniu dodatniej warto$ci potencjatu zeta, otrzymane czastki separuje sig¢ za pomocg pola ma-
gnetycznego, przemywa si¢ wodg, suszy sie w temperaturze 60-90°C i kalcynuje sig w temperaturze
250-1000°C przez 0,5-5 godzin.

Sposdb wedlug wynalazku charakteryzuje sie¢ tym, Zze otrzymany nanokompozyt moze wykazy-
wac aktywno$¢ w zakresie UV i Vis w wyniku domieszkowania struktury objeto$ciowej poiprzewodnika
za pomoca zwiazkéw niemetali, korzystnie z grupy: mocznik, iflub tiomocznik, ilub hydrazyna, i/lub
amoniak, i/lub kwas jodowy, i/lub jodek potasu, i/lub fluorowodoér i/lub jonéw metali, korzystnie zwigzkow
niklu, i/lub kobaltu, ilub Zelaza, i/lub cynku, i/lub rutenu, iflub wolframu, i/lub miedzi, lub modyfikacji
powierzchni za pomocg nanoczastek metali szlachetnych, korzystnie platyny, i/lub palladu, iflub zlota,
i/lub srebra oraz nanoczastek metali grup przejsciowych, korzystnie miedzi, i/lub rutenu, i/lub cyrkonu,
i/lub rodu, i/lub wanadu. W tym celu do mieszaniny reakcyjnej przed dodaniem czastek fotokatalizatora
z grupy: TiOz, WOz, ZnO, SnOz, CdS, i/lub prekursora poiprzewodnika, korzystnie tetrabutylo tytanianu,
i/lub tetraizopropylo tytanianu, ilub siarczan tytanylu, i/lub czterochlorek tytanu wprowadza sig prekur-
sor nanoczgstek metalu i/lub prekursor niemetali z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01
do 30% wagowych w stosunku do TiOz, korzystnie od 0,01 do 15% wagowych i/lub prekursor czastek
platyny, miedzi, palladu w ilosci od 0,01 do 10% molowych w stosunku do TiOz, korzystnie od 0,01 do
1% molowych, korzystnie otrzymujac strukture warstwy fotokatalitycznej I-TiOz, N-TiOz, S-TiOz,
1,C-TiOz, B-TiOz, PYI-TiOz, PUN-TIO2, Pd/-I-TiOz, Pd/N-TiOz, Cu/l-TiOz, Cu/N-TiOz, Pt-Cu-TiOz, Pt-Pd-
-TiOz, Pd-Cu-TiOz, Au-Pt-TiOz, Au-Pd-TiOz, Ag-Pt-TiOz, Ag-Cu-TiOz.

Dzigki wykorzystaniu sposobu wediug wynalazku w stosunkowo prosty sposéb otrzymuije sig fo-
tokatalizatory magnetyczne, prowadzac synteze w jednym ukiadzie, bez koniecznosci separaciji po-
szczegolnych jego komponentéw w oparciu o adhezje w srodowisku kwasowym czastek warstwy inert-
nej i warstwy fotokatalizatora w roztworze wodnym lub roztworze wodnym surfaktantu niejonowego lub
mikroemulsji w/o stabilizowanej surfaktantem niejonowym. Otrzymane wediug sposobu opisanego
w wynalazku fotokatalizatory magnetyczne mozna odseparowac z fazy wodnej po przylozeniu gradientu
pola magnetycznego. Petle histerezy dla wybranych fotokatalizatoréw magnetycznych wskazuja, ze na-
nokompozyty charakteryzujq si¢ wysokim momentem magnetycznym wynoszacym od 15 do 60 emu-g™.
Otrzymane fotokatalizatory magnetyczne wykazujg wysoka efektywno$¢ degradaciji zwigzkéw organicz-
nych np. fenolu, w tym réwniez zwigzkéw niepodatnych na rozktad biologiczny, obecnych w $ciekach
przemysiowych, odbiornikach wodnych takich jak: etodolak, karbamazepina, hydrochlorotiazyd. Cha-
rakterystyke wiasciwosci magnetycznych i fotokatalitycznych wybranych nanokompozytéw otrzyma-
nych wediug sposobu wykonania oméwionego w niniejszym wynalazku oraz szczegotowy opis wyko-
nania przedstawiono w przykiadach wykonania i na rysunku, na ktérym fig. 1 przedstawia zmiang po-
tencjatu elektrokinetycznego (zeta) w funkcji pH dla (a) czastek magnetycznych FesOs, fotokatalizatora
TiOz i czastek SiO: oraz (b) dla czastek CoFe20s, fotokatalizatora TiOz i czastek SiOz, fig. 2 przedstawia
wykresy histerezy magnetycznej dla fotokatalizatora magnetycznego (a) TiO2/SiO2/CoFez0s oraz (b)
TiO2/SiO2/BaFe 2019, fig. 3 przedstawia separacje czastek fotokatalizatora po 1 min (a) oraz po czasie
5 minut (b) od przyloZzenia magnesu neodymowego, fig. 4 przedstawia zdjecia mikroskopowe TEM
z mappingiem struktur rdzen-otoczka nanokompozytu magnetycznego otrzymanego sposobem wediug
wynalazku, fig. 5 przedstawia histerezy magnetyczne dla nanokompozytu FesO4/SiOz, fig. 6 przedstawia
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histereze magnetyczng dla nanokompozytu I-TiOz/FesO./SiOz, fig. 7 przedstawia histereze magne-
tyczna dla nanokompozytu Pd/I-TiO2/SiOz/BaFei20s.

Przyktad 1

Sposoéb otrzymywania fotokatalizatora magnetycznego warstwowego
Pt-Cu/TiO2/SiO2/CoFe204 w mikroemulsji w/o aktywnego w $wietle widzialnym

Do 200 cm?® 0,2M TX-100 (Triton X-100) w cykloheksanie wprowadza sig roztwor wodny zawie-
rajgcy FeS0O4-7H20 i CoCl2 w stosunku molowym Fe? do Co?* wynoszacym 2:1. Nastepnie dodaje sig
jako ko-surfaktant 0,5M heksanol, calo$¢ miesza si¢ 30 min w atmosferze gazu obojetnego. Nastepnie
do 100 cm® 0,2M TX-100 w cykloheksanie wprowadza sig roztwor wodny NaOH oraz 0,5M heksanol.
Wspdlczynnik R w obu mikroemulsjach, okreslajacy stosunek ilosci wody do surfaktantu wynosi 20,
natomiast stosunek molowy Fe?*:Co?*:0OH wynosi 1:0,5:2. Do pierwszej mikroemulsji dodaje sie druga
mikroemulsje i otrzymuje sie koloid czastek magnetycznych CoFe20s. Moment magnetyczny otrzyma-
nych czastek wynosi 40 emu-g'. Nastepnie sporzadza sie trzecig mikroemulsje, dodajac do 0,2M
TX-100 w cykloheksanie, 0,5M heksanol oraz roztwér wodny 3M kwasu cytrynowego tak, aby wspéi-
czynnik R okreslajacy stosunek ilosci wody do surfaktantu wynosit 20. Caly czas mieszajac do mikroe-
mulsji trzeciej wkrapla sig 15,4 cm? tetraetyloortokrzemian (TEOS), a nastepnie ustala si¢ warto$é pH
do wartosci 5, dodajac 0,3 cm® 1M kwasu cytrynowego. Do otrzymanego uktadu mikroemulsji w/o za-
wierajacego czgstki magnetyczne wprowadza si¢ mikroemulsje trzecig i ustala warto$¢ pH w granicach
5-5,5. Po 15 min. warto$¢ potencjalu zeta czastek wynosita -20 mV. Nastepnie do ukladu zawierajacego
czastki magnetyczne pokryte warstwa inertng krzemionki dodawany jest prekursor tlenku tytanu(1V),
tetrabutylo tytanian, przy wartosci pH wynoszacej 5. Stosunek molowy péiprzewodnika do czastek ma-
gnetycznych (CoFe20s) wynosi 1:1. W ten sposéb otrzymuje sie fotokatalizator magnetyczny aktywny
w zakresie promieniowania UV. Warto$¢ potencjatu zeta po 15 min mieszania wynosita +40 mV.
W celu aktywaciji fotokatalizatora w zakresie $wiatla widzialnego, otrzymany nanokompozyt modyfikuje
sig powierzchniowo czastkami bimetalicznymi Pt-Cu. Do mikroemulsji zawierajacej fotokatalizator ma-
gnetyczny dodaje sig 0,36 cm? 0,05M roztworu kwasu heksachloroplatynowego tak, aby stosunek mo-
lowy Pt:TiO2 wynosit 0,05% oraz 3,5 cm® 0,025 M azotanu miedzi(lll). Caly czas mieszajac do ukiadu
wkrapla si¢ borowodorek sodu w nadmiarze molowym w stosunku do jonéw platyny i miedzi wynosza-
cym 1,5. Otrzymane czastki fotokatalizatora separuje si¢ za pomocg pola magnetycznego, przemywa
sig wodg, suszy sie w temperaturze 80°C i kalcynuje sig¢ w temperaturze 400°C przez 2 godziny. Otrzy-
many wedlug przedstawionego przykladu wykonania fotokatalizator Pt-Cu/TiO2/SiOz/CoFez0s (patrz
Rysunek 3) posiada doskonate wlasciwosci magnetyczne, jak réwniez charakteryzuje si¢ wysokg ak-
tywnoscig fotokatalityczng w zakresie promieniowania UV-Vis oraz Vis.

Efektywnos¢ fotokatalityczng zbadano w reakcji degradacii fenolu oraz karbamazepiny, analizu-
jac ubytek badanego zwigzku w czasie oraz stopien mineralizacji zanieczyszczen organicznych obec-
nych w fazie wodnej. Stwierdzono, Zze po 30 minutach naswietlania promieniowaniem z zakresu widzial-
nego (~>420 nm) degradaciji ulega 100% fenolu oraz w czasie 120 min 100% karbamazepiny, a stopien
mineralizacji dla analizowanych zwigzkéw wynosi odpowiednio 95% oraz 86%.

Przyktad 2

Sposéb otrzymywania fotokatalizatora magnetycznego warstwowego
I-TiO2/SiO2/FesOs w mikroemulsji w/o aktywnego w swietle widzialnym

Do 200 cm® 02M TX-100 w cykloheksanie wprowadza sie roztwor wodny zawierajacy
FeS04-7H20 i FeCls w stosunku molowym Fe®* do Fe?* wynoszacym 2:1. Nastepnie dodaje si¢ 0,5M
heksanol, calo$¢ miesza si¢ 30 min w atmosferze gazu obojetnego. Nastepnie otrzymuje sie druga
mikroemulsje dodajac do 100 cm® 0,2M TX-100 w cykloheksanie roztwér wody amoniakalnej oraz 0,5M
heksanol. Wspdiczynnik R okreslajacy stosunek ilosci wody do surfaktantu wynosi 30, a stosunek mo-
lowy Fe**:Fe?*:OH" wynosi 2:1:8. Do pierwszej mikroemulsji dodaje si¢ drugg mikroemulsje, zawierajgca
amoniak jako odczynnik stracajgcy tak, aby warto$¢ pH wynosita 10. Nastepnie sporzadza sig mikro-
emulsje trzecig 0,2M TX-100 w cykloheksanie, zawierajaca w fazie zdyspergowanej 0,2M roztwor
wodny kwasu solnego. Wspdiczynnik R okreslajacy stosunek ilosci wody do surfaktantu w trzeciej mi-
kroemulsji wynosi 30, nastepnie do mikroemulsji trzeciej wprowadza sig tetraetyloortokrzemian. Stosu-
nek molowy TEOS do FesO4 wynosi 8:1. Po 1 h mieszania do mikroemulsji zawierajacej czastki magne-
tyczne wprowadza sie mikroemulsje trzecia, utrzymujac warto$é pH w granicach 5-6. Otrzymane czastki
Fez04/SiOz separuje si¢ za pomocg pola magnetycznego, przemywa sie wodg, suszy sie w temperatu-
rze 80°C i kalcynuje si¢ w temperaturze 500°C przez 1 godzing. Zdjecia mikroskopowe TEM uzyska-
nego nanokompozytu o strukturze rdzen-otoczka przedstawiono na Fig. 4.

~ 156 ~


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

8 PL 233 343 B1

Wiasciwosci magnetyczne otrzymanego nanokompozytu przedstawiono na Fig. 5. NateZenie ko-
ercji bliskie jest zeru, co wskazuje na wiasciwosci superparamagnetyczne otrzymanych czastek
Fes04/SiO2. Otrzymany nanokompozyt moze by¢ zastosowany w diagnostyce medycznej.

W celu nadama w}ascmosm fotokatahtycznych w $wietle widzialnym do mikroemulsji 0,2M
TX-100 w cyklohek ierajacej 0,5M h | oraz zawierajgcej czastki magnetyczne (FesOx)
pokryte |nertnq warstwg SiO2 wprowadza sig mikroemulsje czwartg zawierajgcg 0,2M Triton X-100
w cykloheksanie, 0,5M heksanol oraz roztwér kwasu jodowego zdyspergowany w fazie wodnej, kontro-
lujac warto$¢ pH w granicach 5-5,5 za pomoca kwasu solnego. Nastepnie do mikroemulsji czwartej
wkrapla sig prekursor TiOz (TBT) tak, aby stosunek molowy TiOz do HIO: wynosit 15:1. Nastepnie mi-
kroemulsje czwartg dodaje sig do mikroemulsji zawierajacej czastki magnetyczne pokryte inertng war-
stwa krzemionki, kontrolujac wartos¢ pH fazy wodnej w granicach 5-6, dodajac ewentualnie 0,1M HCI.
Stosunek molowy TiO2 do FesO« wynosi 2:1. Otrzymana zawiesing fotokatalizatora aktywnego w zakre-
sie promieniowania widzialnego, separuje sie w znany sposob, suszy si¢ w temperaturze 60°C i kalcy-
nuje w temperaturze 300°C przez 1 h.

Wiasciwosci fotokatalityczne zbadano w reakcji degradacii fenolu oraz karbamazepiny — leku
przeciwpadaczkowego, ktory jest sklasyfikowany w systemie zwigzkow farmaceulycznych ;ako zwigzek
niepodatny na degradacje biologiczng. Stwierdzono, ze w wyniku r lania promienic 1z za-
kresu Vis (2>420 nm) w czasie 1 h degradaciji uleglo odpowiednio 100% fenolu oraz 95% karbamaze-
piny. Jak pokazano na Fig. 5, magnetyczno$¢ nanokompozytu I-TiO2/SiOz/FesOs byla poréwnywalna
do wlasciwosci magnetycznych Fez04/SiOz i wyniosta 15 emu-g'.

Przyktad 3

Sposob otrzymywania fotokatalizatora magnetycznego warstwowego Cu/TiOz/PEG-PNIPAm/Fe-Ni
w wodzie charakteryzujgcego sie aktywnoscig w $wietle widzialnym

Czastki magnetyczne Fe-Ni otrzymuje sie w wyniku chemicznego stracania w roztworze wodnym
soli metali zgodnie z reakcjg przedstawiong w réwnaniu 1, ponizej:

2Fe?* Ni2* + 2H20 + BH+ > 2Fe-NiV + BOz + 4H* + 2H

[11

W ty celu do 100 cm® wody wprowadza sie sole metali FeClz i NiClz w stosunku molowym okre-
$lonym zgodnie ze stechiometrig reakcji, Fe?* do Ni®* wynoszacym 2:1. Calo$¢ miesza si¢ w atmosferze
gazu obojetnego, azotu. Nastepnie dodaje sie 20 cm?® 1M borowodorku sodu tak, aby stosunek molowy
Fe?+:Ni#*:BHs wynosit 2:1:1. Nastepnie sporzadza sie mieszanine drugg 0,01M kwasu solnego o pH
3,5, do ktérej wprowadza sig prekursor warstwy intertnej w postaci 2,5% roztworu wodnego poli(N-izo-
propyloakryloamidu) glikolu polietylenowego tak, aby zawarto$¢ polimeru w stosunku do czgstek Fe-Ni
wynosila 0,5%. Mieszaning druga dodaje sie do zawiesiny czastek Fe-Ni, tak aby warto$¢ pH wynosita
5 i otrzymuje zawiesing zawierajgcq czaslkl magnetyczne pokryte warstwg inertng polimeru. Nastepnie
przygotowuije sie zawiesing trzecia, z: jaca fotc izator Cu-TiO2. W tym celu do 20 cm? roztworu
wodnego azotanu mied2|(lll) dodaje sig czastki TiO2 P25 tak, aby zawarto$¢ czastek miedzi w stosunku
do TiO2 wynosita 0,5% mol. Nastepnie redukuje si¢ miedz na powierzchni TiO2 za pomoca 0,1M roz-
tworu borowodorku sodu w 1,5-krotnym nadmiarze molowym NaBH: do jonéw Cu?*. Do zawiesiny czg-
stek magnetycznych Fe-Ni pokrytych warstwa polimeru dodaje sie iesing trzecig ierajgca czastki
fotokatalizatora Cu-TiOz, przy wartosci pH wynoszacej 5-6. Stosunek molowy TiO2 do Fe-Ni wynosi
0,5:1. Otrzymany fotokatalizator magnetyczny Cu/TiO2/PEG-PNIPAm/Fe-Ni separuje sig, przemywa sie
wodg i suszy sie w temperaturze 70°C do suchej masy. Magnetyczno$¢ otrzymanego nanokompozytu
wynosi 70 emu-g"'. Stwierdzono, ze efektywnos$¢ degradaciji fenolu po 30 min naswietlania $wiatlem
widzialnym (2>450 nm) wynosita 100%, a stopieri mineralizacji 95%.

Przyktad 4

Sposdb otrzymywania fotokatalizatora magnetycznego
TiO2/Si02/FesOs aktywnego w zakresie promieniowania UV

Do 200 cm?® 0,2M TX-100 w cykloheksanie wprowadza sig zdyspergowane w wodzie czastki ma-
gnetytu (FesO:) o wielkosci 50 nm. Do otrzymanej mikroemulsji dodaje sig tetraetyloortokrzemian. Sto-
sunek molowy TEOS do FesO: wynosi 10:1. Nastepnie sporzadza si¢ mikroemulsje o takim samym
skiadzie fazy ciaglej, zawierajgcej w fazie zdyspergowanej 0,2M roztwor wodny kwasu askorbinowego.
Druga mikroemulsje dodaje sie do pierwszej, korygujac pH fazy wodnej do wartosci 6. Wspdiczynnik R
okreslajgcy stosunek molowy wody do surfaktantu dla obydwu mikroemulsji wynosi 30. Po 1 h mieszania
do mikroemulsji zawierajacej czastki magnetyczne pokryte warstwa krzemionki wprowadza tlenek ty-
tanu(lV) P25 firmy Evonik, przy wartosci pH wynoszacej 5, korygowanej za pomocg kwasu solnego.
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Stosunek molowy pdiprzewodnika do czastek magnetycznych wynosi 2:1. W ten sposéb otrzymuje sie
fotokatalizator magnetyczny aktywny w zakresie promieniowania UV o strukturze wielowarstwowej,
przedstawiony na zdjeciu wykonanym za pomocg wysokorozdzielczego mikroskopu transmisyjnego,
patrz fig. 7.

Magnetyczno$¢ otrzymanego nanokompozytu wynosi 10 emu-g-'. Stwierdzono, Ze efektywno$c
degradacji fenolu po 30 min naswietlania $wiatlem UV-Vis wynosita 100%, stopien mineralizacji
(TOC/TOC.) wynosi 86%, a efektywnos$¢ mineralizacji karbamazepiny 85% w czasie 120 min naswie-
tlania promieniowanie w zakresie UV-Vis (natgzenie promieniowania 30 mW-cm2).

Przyktad 5

Sposoéb otrzymywania fotokatalizatora magnetycznego ZnO/SiO2/Fe20s w mikroemulsji
w/o, charakteryzujgcego sie aktywnoscig w zakresie promieniowania UV

Do 200 cm? 0,05M surfaktantu niejonowego Span 80 w heptanie wprowadza sie zdyspergowane
W wodzie czastki hematytu (Fe20s) o wielkosci 45 nm. Nastepnie sporzadza sig 50 cm® mikroemulsji
0,05M Span 80 w heptanie, zawierajaca w fazie wodnej 0,5M kwas askorbinowy, do ktérej wprowadza
sig tetraetyloortokrzemian, pH mikroemulsji powinno wynosi¢ 3. Wspdiczynnik R okreslajacy stosunek
molowy wody do surfaktantu dla obydwu mikroemulsji wynosi 20. Stosunek molowy TEOS do Fez0s
wynosi 10:1. Do otrzymanego ukfadu koloidalnego zawierajgcego czastki magnetyczne wprowadza sie
mikroemulsjg drugg zawierajgca czastki SiO: i koryguje ewentualnie warto$¢ pH za pomocg 0,1M HCI
do wartosci 4. Po 1 h mieszania do otrzymanego ukfadu koloidalnego zawierajgcego czastki magne-
tyczne pokryte warstwa inertng krzemionki dodawany jest poiprzewodnik, tienek cynku(ll), korygujac
jesli to konieczne pH do wartosci 4, za pomocg octanu amonu. Stosunek molowy péiprzewodnika do
zwigzku magnetycznego wynosi 1,75:1. Nastepnie otrzymane czastki separuje si¢ za pomoca pola ma-
gnetycznego, przemywa si¢ wodg, suszy si¢ w temperaturze 80°C do suchej masy. W ten sposéb otrzy-
muje sig fotokatalizator magnetyczny ZnO/SiO2/Fe20s aktywny w zakresie promieniowania UV. Wiasci-
wosci fotokatalityczne zbadano w reakcji degradacji fenolu. Stwierdzono, ze w wyniku naswietlania pro-
mieniowaniem z zakresu UV (A<400 nm) w czasie 120 min naswietlania degradacji ulegio 80% fenolu,
a magnetyczno$¢ nanokompozytu ZnO/SiOz/Fe20s wynosi 7 emu-g™'.

Przyktad 6

Sposéb otrzymywania fotokatalizatora magnetycznego
TiO2/SiO2/Fes04 aktywnego w zakresie promieniowania UV

Do 0,18M Tween 80 w wodzie dodaje sig¢ 20 g Fe(NOs)s-9H20 oraz 10 g FeS0s-7H:z0, calos¢
miesza si¢ w atmosferze gazu obojetnego, azotu. Dodaje sie wode amoniakalng w 0,18M Tween 80 do
wartosci pH wynoszacej 10. Oddzielnie sporzadza si¢ mi ¢ drugg ierajaca roztwor alkoholu
etylowego oraz TEOS i do mieszaniny drugiej dodaje si¢ 0,18M Tween 80 w wodzie i 0,1M kwas azo-
towy tak, aby warto$¢ pH mieszaniny drugiej wynosita 3. Stosunek molowy TEOS do FesOs wynosi 4:1.
Otrzymany koloid SiO2 w mieszaninie drugiej dodaje si¢ do zawiesiny czastek magnetycznych w wo-
dzie, ustalajgc warto$¢ pH 4. Nastepnie dodaje si¢ 1 g TiO2 P25, otrzymujac fotokatalizator magne-
tyczny TiO2/SiOz/FesOs. Wiasciwosci fotokatalityczne zbadano w reakcji degradacji fenolu. Stwier-

dzono ze w wyniku na$ ia promienic iem z zakresu UV 0,2 mM roztworu wodnego fenolu
jacego 1 g fotc izatora, w czasie 30 min degradacji uleglo 100% fenolu. Magnetyczno$¢
nanokompozytu TiO2/SiO2/FesOs wynosita 49 emu-g''.
Przyktad 7

Sposdb otrzymywania fotokatalizatora magnetycznego
Pt-TiO2/SiO2/FesOs aktywnego w zakresie promieniowania UV i Vis

Do 0,18M Tween 80 w wodzie dodaje sig 3 g czastek Fe-Ni o wielkosci 10 nm. Oddzielnie spo-
rzadza sie 50 cm® 0,18M Tween 80 zawierajgcego 0,05M kwas solny, do ktérego dodaje sie 16 cm?®
TMOS. Mieszanine drugg dodaje sie do zawiesiny czastek Fe-Ni, tak aby warto$¢ pH wynosita 5-6
i otrzymuje zawiesing zawierajgcq czastki magnetyczne pokryte warstwg krzemionki. Nastepnie przy-
gotowuje sig iesing trzecia, ierajaca 0,18M Tween 80 w wodzie, zawierajacej KzPtCls, do kté-
rego dodaje sig 1 g TiO2 ST-01 (Ishikara) tak, aby zawarto$¢ czastek platyny w stosunku do TiO2 wy-
nosita 0,05% mol. Platyne redukuje sig¢ na powierzchni TiO2 za pomoca 0,1M roztworu borowodorku
sodu w 1,5-krotnym nadmiarze molowym NaBH: do jonéw Pt?*. Do zawiesiny czastek magnetycznych
Fe-Ni pokrytych warstwg krzemionki dodaje sig iesing trzecig ierajgcq czastki fotokatalizatora
Pt-TiOz, przy wartosci pH wynoszacej 5-6. Otrzymany fotokatalizator magnetyczny Pt/TiO2/SiOz/Fe-Ni
separuje sie, przemywa si¢ wodg i suszy sie w temperaturze 70°C do suchej masy. Magnetycznos$¢

~ 158 ~


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

10 PL 233343 B1

otrzymanego nanokompozytu wynosi 46 emu-g'. Stwierdzono, ze efektywno$¢ degradaciji fenolu po
30 min naswietlania $wiatlem widzialnym (2>450 nm) wynosita 100%.

Przyktad 8

Sposéb otrzymywania fotokatalizatora magnetycznego wego
PYI-TiO2/SiOz/BaFe201s aktywnego w $wietle widzialnym

Do 100 cm® wody wprowadza sig czastki magnetyczne BaFe 12015 o wielkosci 12 nm, zawiesing
poddaje sig dziataniu ultradzwigkéw przez 10 min. Oddzielnie sporzadza sig roztwér 0,1M kwasu askor-
binowego o pH 3,5, do ktérego wprowadza sie prekursor warstwy intertnej tetraetyloortokrzemian
(TEOS) tak, aby zawartos¢ TEOS w stosunku do czastek BaFei201s wynosila 4:1. Mieszaning drugg
dodaje sie do zawiesiny czastek magnetycznych, tak aby warto$¢ pH wynosila 4,5. Nastepnie przygo-
towuje si¢ zawiesing trzecia, wprowadzajac do 10 cm? tetraizopropylotytanianu zdyspergowanego
w alkoholu etylowym 6 cm® 6 mM roztworu wodnego kwasu jodowego. Nastepnie po 30 min mieszania
dodaje sie 0,5 cm?® KzPtCls tak, aby zawartos¢ platyny do TiO2 wynosita 0,05% molowych oraz po
30 min mieszania dodaje sie 0,5 cm? borowodorku sodu w nadmiarze molowym w stosunku do jonéw
platyny wynoszacym 1,5. Do zawiesiny czaslek magnetycznych BaFe:201s pokrytych warstwa krze-
mionki dodaje sie iesing trzecig ierajacg czastki fotokatalizatora PY/I-TiOz, korygujac warto$¢ pH
w zakresie pomigedzy 4-5. Otrzymany fotokatalizator magnetyczny PY/I-TiO2/SiOz/BaFe 2015 separuje
sie, przemywa si¢ wodq i suszy sie¢ w temperaturze 70°C do suchej masy i kalcynuje w temperaturze
300°C przez 1 h. Magnetyczno$¢ otrzymanego nanokompozytu wynosi 65 emu-g'. Stwierdzono, ze
efektywnos¢ degradacii fenolu po 30 min. naswietl tem widzialnym (2>420 nm) wynosita 100%,
a stopiert mineralizacji 98%.

Przyktad 9

Sposob otrzymywania fotokatalizatora magnetycznego warstwowego
PYTiOz/grafen/BaFe 2015 aktywnego w UV-Vis

Do 100 cm® wody wprowadza sig czastki magnetyczne BaFe:201s o wielkosci 12 nm, zawiesing
poddaje sig dzialaniu ultradzwigkéw przez 10 min. Oddzielnie sporzadza sie zawiesing drugg zawiera-
jaca roztwdr 0,2M kwasu askorbinowego o pH 3,5, do ktérego wprowadza sie czastki grafenu lub wegla
w ilosci 3% wag. a stosunek molowy grafenu lub wegla do czastek BaFe 2015 wynosit 0,1:1. Zawiesing
druga dodaje sig do zawiesiny czastek magnetycznych, tak aby warto$¢ pH wynosita 6. Nastepnie przy-
gotowuje sie zawiesing trzecig, wprowadzajac do 10 cm? tetraizopropylotytanianu zdyspergowanego
w alkoholu etylowym 6 cm® 6 mM roztworu wodnego kwasu jodowego. Do zawiesiny czastek magne-
tycznych BaFe:201s pokrytych warstwa krzemionki dodaje sie iesine trzecig ierajgcy czastki fo-
tokatalizatora |-TiOz, korygujac warto$¢ pH w zakresie pomiedzy 5-6 za pomocg 0,2M kwasu askorbi-
nowego. Warto$¢ potencjalu zeta czastek I-TiO2/grafen/BaFei201s wynosi +32 mV. Nastepnie po
30 min mieszania dodaje si¢ 0,5 cm® KzPtCls tak, aby zawartos¢ platyny do TiO2 wynosita 0,05% molo-
wych oraz po 30 min mieszania dodaje si¢ 0,5 cm® borowodorku sodu w nadmiarze molowym w sto-
sunku do jonéw platyny wynoszacym 1,5. Otrzymany fotokatalizator magnetyczny PYI-TiOz/-
/SiO2/BaFe:201s separuje sig, przemywa si¢ wodg i suszy si¢ w temperaturze 70°C do suchej masy
i kalcynuje w temperaturze 300°C przez 1 h. Magnetyczno$¢ otrzymanego nanokompozytu wynosi
65 emu-g’'. Stwierdzono, ze efektywno$¢ degradacji fenolu po 30 min r ietl fem widzialnym
(A>420 nm) wynosita 100%, a stopien mineralizacji 98%.

Zastrzezenia patentowe

1. Sposdb otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokét czastki magnetycznej, ktorg nastepnie pokrywa sig czastkami foto-
katalitycznymi, znamienny tym, Zze sporzadza si¢ zawiesing czgstek magnetycznych w wo-
dzie, ktorg miesza sie korzystnie w atmosferze gazu obojetnego lub tlenku wegla(lV) oraz
sporzadza sig druggq mieszaning w ten sposob, Ze sporzadza sig alkoholowy i/lub wodny roz-
twor substancji obnizajgcej pH z grupy: kwasow karboksylowych i/lub kwaséw nieorganicz-
nych, korzystnie kwas solny i/lub kwas octowy i/lub kwas cytrynowy i/lub kwas askorbinowy,
o pH w zakresie od 1 do 7, korzystnie od 3 do 6, do ktérego dodaje sig skiadnik warstwy
inertnej w postaci polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego i/lub polidi-
metylosiloksanu i/lub krzemionki lub wegla korzystnie w postaci grafitu lub grafenu lub prekur-
sora skiladnika warstwy inertnej, takiego jak tetraetyloortokrzemian (TEOS) i/lub tetrameto-
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ksysilan (TMOS), w stosunku molowym skfadnika warstwy inertnej do czastek magnetycznych
wynoszacym w zakresie od 0,01:1 do 20:1, korzystnie od 0,5:1 do 10:1, nastgpnie do zawie-
siny zawierajgcej czastki magnetyczne wkrapla sie druga mieszaning i ustala sie pH ponizej 7,
korzystnie w zakresie od 3 do 6, calo$¢ miesza sig, a nastepnie dodaje sig czastki fotokatali-
tyczne polprzewodnikéw z grupy: tlenek tytanu(lV) TiOz, tlenek wolframu(Vl) WOs, tlenek
cynku ZnO, dwutlenek cyny SnOz, siarczek kadmu CdS, korzystnie TiOz, korzystnie w postaci
prekursora pétprzewodnika czastek fotokatalitycznych, korzystnie tetrabutylo tytanian ilub te-
traizopropylo tytanian i/lub siarczan tytanylu i/lub czterochlorek tytanu, w takiej ilosci, aby sto-
sunek molowy czastek fotokatalitycznych do czgstek magnetycznych wynositod 0,1:1 do 30:1,
korzystnie w zakresie od 0,5:1 do 4:1, po czym po co najmniej 10 min mieszania lub uzyskaniu
dodatniej wartosci potencjalu zeta, otrzymane czastki separuje si¢ za pomocg pola magne-
tycznego, przemywa sie wodg, suszy si¢ w temperaturze 60-90°C i kalcynuje sie w tempera-
turze 250-1000°C przez 0,5-5 godzin.

2. Sposéb wedlug zastrz. 1, znamienny tym, Ze jako czastki magnetyczne stosuje si¢ dowolny
ferryt spinelowy, korzystnie z grupy: MFe20« (M=Mn, Zn, Fe), CoFezM.Os (M=Zn2*, Mn2+),
v-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFe:201s, BaFei201s-M2Fe«Os (M=Mn,
Fe, Zn), zwigzki z grupy magneséw organicznych, pyt Zzelazowy lub stopy metali i ich nano-
czastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, ko-
rzystnie Fe-Ni.

3. Sposob wedlug zastrz. 1, znamienny tym, Ze jako czastki fotokatalityczne stosuje sie czastki
fotokatalityczne zmodyfikowane powierzchniowo nanoczagstkami metali szlachetnych lub bi-
metali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10%
molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1% molowych.

4. Sposob wedlug zastrz. 1, znamienny tym, Ze czgstki fotokatalityczne domieszkuje sie nieme-
talem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do
potprzewodnika, korzystnie od 0,01 do 15% wagowych.

5. Sposdb wedlug zastrz. 4, znamienny tym, Ze czastki fotokatalityczne dodatkowo modyfikuje
sie powierzchniowo w znany sposéb nanoczgstkami metali korzystnie platyny, miedzi, palladu
w iloéci od 0,01 do 10% molowych w stosunku do pélprzewodnika, korzystnie od 0,01 do 1%
molowych.

6. Sposdb wedlug zastrz. 1, ienny tym, Ze iesing czastek magnetycznych sporzadza
sig w roztworze wodnym surfaktantu niejonowego, korzystnie eteru p-1,1,3,3-tetrametylobuty-
lofenylowo polietylenoglikolowy (TX-100), monostearynianu sorbitanu, monolaurynianu sorbi-
tanu (Tween 80) w stezeniu od 0,01M do 3M, jak réwniez do drugiej mieszaniny dodaje sie
roztwér wodny surfaktantu niejonowego, korzystnie eteru p-1,1,3,3-tetrametylobutylofenylowo
polietylenoglikolowy (TX-100), monostearynianu sorbitanu, monolaurynianu sorbitanu (Tween 80)
w stezeniu od 0,01M do 3M.

7. Sposéb otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokét czastki magnetycznej, ktérg nastepnie pokrywa sie czgstkami foto-
katalitycznymi, znamienny tym, Ze sporzadza sig pierwsza mikroemulsjg w/o zawierajacg za-
wiesine czastek magnetycznych oraz surfaktant niejonowy, korzystnie eter p-1,1,3,3-tetrame-
tylobutylofenylowo polietylenoglikolowym, monooleinian polioksyetylenosorbitanu (Polisorbat
80), monooleinian sorbitanu (Span 80), monostearynian sorbitanu, monolaurynianem sorbi-
tanu (Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej korzystnie cyklo-
heksanu i/lub izooktanu i/lub heptanu, i/lub oktanu, sporzadza si¢ drugg mikroemulsje w/o
zawierajacg surfaktant niejonowy korzystnie eter p-1,1,3,3-tetrametylobutylofenylowo poliety-
lenoglikolowym, monooleinian polioksyetylenosorbitanu (Polisorbat 80), monooleinian sorbi-
tanu (Span 80), monostearynian sorbitanu, monolaurynianem sorbitanu (Tween 80) w steZe-
niu od 0,1M do 10M w stosunku do fazy olejowej korzystnie cykloheksanu i/lub izooktanu lub
i/heptanu i/lub oktanu oraz w fazie wodnej substancje obnizajacg pH z grupy kwaséw orga-
nicznych i/lub nieorganicznych, korzystnie kwas cytrynowy i/lub kwas solny i/lub kwas askor-
binowy o steZeniu od 0,01 do 10M, korzystnie 1M, o pH ponizej 7 korzystnie od 3 do 6, na-
stepnie do drugiej mikroemulsji dodaje sig skiadnik warstwy inertnej w postaci substancji
z grupy krzemionki, polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego lub wegla
korzystnie w postaci grafitu lub grafenu lub prekursora skiadnika warstwy inertnej, takiego jak
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tetraetyloortokrzemian (TEOS) ilub tetrametoksysilan (TMOS), w stosunku molowym skiad-
nika warstwy inertnej do czastek magnetycznych wynoszacym od 0,01:1 do 20:1, korzystnie
od 1:1do 10:1, nastepnie miesza sig razem pierwszg mikroemulsje z drugg mikroemulsjg caty
czas utrzymujgc pH ponizej 7 korzystnie w zakresie od 3 do 6, po czym dodaje sie czastki
fotokatalityczne pdtprzewodnikéw z grupy: tienek tytanu(lV) TiOz, tlenek wolframu(VI1) WOs,
tienek cynku ZnO, dwutlenek cyny SnOz, siarczek kadmu CdS, korzystnie TiOz korzystnie
w postaci prekursora péiprzewodnika, korzystnie tetrabutylo tytanian i/lub tetraizopropylo ty-
tanian i/lub siarczan tytanylu i/lub czterochlorek tytanu, w takiej ilosci, aby stosunek molowy
czgstek fotokatalitycznych do czgstek magnetycznych wynosit od 0,1:1 do 30:1, korzystnie
w zakresie od 1:1 do 4:1, caly czas utrzymujac pH ponizej 7 korzystnie od 3 do 6, po czym po
co najmniej 10 min mieszania lub uzyskaniu dodatniej wartosci potencjalu zeta, otrzymane
czastki separuje sie za pomocg pola magnetycznego, przemywa si¢ wodg, suszy si¢ w tem-
peraturze 60-90°C i kalcynuje sie w temperaturze 250-1000°C przez 0,5-5 godzin.

. Sposéb wedlug zastrz. 7, znamienny tym, Ze czastki fotokalityczne dodaje sie w postaci mi-

kroemulsji w/o zawierajacej surfaktant niejonowy korzystnie eter p-1,1,3,3-tetrametylobutylo-
fenylowo polietylenoglikolowym, monooleinian polioksyetylenosorbitanu (Polisorbat 80), mo-
nooleinian sorbitanu (Span 80), monostearynian sorbitanu, monolaurynianem sorbitanu
(Tween 80) w stezeniu od 0,1M do 10M w stosunku do fazy olejowej korzystnie cykloheksanu
lub izooktanu lub heptanu lub oktanu, w takiej ilo$ci aby stosunek molowy péiprzewodnika do
czastek magnetycznych wynosit od 0,1:1 do 30:1, korzystnie w zakresie od 1:1 do 4:1, o pH
o wartosci ponizej 7 korzystnie 3 do 6.

. Sposob wedlug zastrz. 7 albo 8, znamienny tym, Ze do pierwszej mikroemulsji i/lub do drugiej

mikroemulsji dodaje sie ko-surfaktant, korzystnie izopropanol i/lub n-butanol i/lub heksanol
o stezeniu od 0,1M do 10M w stosunku do fazy olejowe;.

. Sposéb wedlug zastrz. 7 albo 8, znamienny tym, Ze jako czastki magnetyczne stosuje sie

dowolny ferryt spinelowy, korzystnie z grupy: MFe20: (M=Mn, Zn, Fe), CoFezxMxOs (M=Zn?*,
Mn?%), y-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFei2O:s, BaFei201s-MzFesOs
(M=Mn, Fe, Zn), zwiazki z grupy magnesoéw organicznych, pyt zelazowy lub stopy metali i ich
nanoczastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz,
korzystnie Fe-Ni.

. Sposob wedlug zastrz. 7 albo 8, znamienny tym, Ze jako czastki fotokatalityczne stosuje sig

czgstki fotokatalityczne zmodyfikowane powierzchniowo nanoczgstkami metali szlachetnych
lub bimetali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do
10% molowych w stosunku do pdiprzewodnika, korzystnie od 0,01 do 1% molowych.

. Sposo6b wedlug zastrz. 7 albo 8, znamienny tym, Ze czastki fotokatalityczne domieszkuje sie

niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w sto-
sunku do pdiprzewodnika, korzystnie od 0,01 do 15% wagowych.

. Sposob wedtug zastrz. 12, znamienny tym, Ze czastki fotokatalityczne dodatkowo modyfikuje

sig powierzchniowo w znany spos6b nanoczgstkami metali korzystnie platyny, miedzi, palladu
w ilosci od 0,01 do 10% molowych w stosunku do polprzewodnika, korzystnie od 0,01 do
1% molowych.
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Opis wynalazku

Przedmiotem wynalazku jest sposdb otrzymywania warstwowych fotokatalizatoréw magnetycz-
nych o strukturze wielowarstwowej, aktywnych w zakresie promieniowania UV i Vis, majacych zasto-
sowanie zwlaszcza w reakcji fotokatalitycznej degradaciji wybranych zwigzkéw organicznych i nieor-
ganicznych.

Z opisu zgloszenia patentowego CN1200959A znany jest sposob otrzymywania fotokatalizatorow
magnetycznych, zgodnie z ktérym do roztworu prekursoréw czastek magnetycznych wprowadza sig
prekursor lub czastki péiprzewodnika takiego jak: TiOz, SnOz, ZnO, CdS, WOs i przeprowadza wspot-
stracanie w pH wynoszacym w zakresie od 9 do 12. Materiat o wiasciwosciach magnetycznych, korzyst-
nie wystgpuje w postaci czastek FesOs, y-Fe20s, CrOz, Co-y-Fe20s, BaFei201s. Zgodnie z innym spo-
sobem wediug wynalazku fotokatalizator magnetyczny otrzymuje si¢ w wyniku ucierania wczes$niej
osobno otrzymanych czastek magnetycznych i fotokatalizatora, a nastegpnie ich kalcynacji w tempera-
turze 500-900°C.

Z opisu zgloszenia patentowego US20140131288A1 znany jest sposob otrzymywania fotokatali-
zatoréw aktywnych w $wietle widzialnym, ultrafioletowym lub podczerwonym o wiasciwosciach super-
paramagnetycznych. Czastki magnetyczne o wielkosci w zakresie od 0.01 um do 100 um otrzymywano
metodg starzenia oksydacyjnego soli zelaza w pH zasadowym, korygowanym za pomocg roztworéw
KOH oraz KNOs, prowadzac reakcje w temperaturze 90°C. Nastgpnie otrzymane czastki magnetyczne
dyspergowano w alkoholu etylowym z wodg amoniakalng i wprowadzano tetraetylokrzemian (TEOS).
Do wytworzonych czgstek magnetycznych pokrytych inertng warstwa SiO2 wprowadzano prekursor
TiOz, tetraizopropylo tytanian w alkoholu etylowym i podgrzewano do 85°C przez 90 min. Otrzymane
czastki separowano, suszono i kalcynowano w temperaturze 500°C przez 2 h. Zgodnie z innym sposo-
bem wedlug wynalazku fotokatalizator o wiasciwosciach superparamagnetycznych otrzymano w wyniku
wieloetapowej reakcji hydrotermalnej. Najpierw jony FeCls dyspergowano w roztworze wodnym z do-
datkiem cytrynianu sodu, mocznika oraz poliakrylamidu i poddawano reakcji hydrotermalnej w tempe-
raturze 200°C przez 16 h. Otrzymane czastki o wlasciwo$ciach superparamagnetycznych odseparo-
wano, suszono, a nastepnie ponownie dyspergowano w roztworze alkoholu etylowego z dodatkiem
wody amoniakalnej, do ktérej wprowadzono tetraetylokrzemian. Reakcje prowadzono przez 18 h, a na-
stepnie powstale czastki impregnowane SiO2 odseparowano, suszono i dyspergowano w roztworze
wodnym alkoholu etylowego z dodatkiem hydroksypropylocelulozy, dodawano prekursor TiOz, tetrabu-
tylo tytanian (TBOT) i ogrzewano w temperaturze 85°C przez 90 min. Czastki odseparowano i ponownie
zdyspergowano w wodzie dejonizowanej, poddajgc reakcji hydrotermalnej w 180°C przez 90 min.
W ostatnim etapie fotokatalizator suszono i kalcynowano w 500°C przez 3 h. Warstwa fotokatalityczna
wedlug wynalazku moze by¢ domieszkowana weglem lub modyfikowana metalami z grupy Au, Ag, Fe,
Ni, Cu, Pt oraz Pd w celu uzyskania aktywnosci w zakresie widzialnym.

Znane sg sposoby otrzymywania fotokatalizatorow magnetycznych o strukturze rdzen-otoczka.
Wedlug tych sposobéw mozna otrzymywac czastki o wielkosci rzedu od kilku nm do kilkudziesigciu um.
Jednak czesto magnetyczno$¢ otrzymanych nanokompozytéw jest niewielka (ponizej 5 emu-g''), co nie
pozwala na efektywng separacje w krotkim czasie fotokatalizatora z fazy wodnej. Ponadto prowadzenie
preparatyki czastek fotokatalizatora magnetycznego w pH zasadowym, dla ktérego czgstki magne-
tyczne, inertnej warstwy (np. krzemionki) oraz warstwy fotokatalitycznej (np. TiOz) charakteryzuja sig
zwigkszonym powierzchniowym fadunkiem ujemnym, jak pokazano na fig. 1, powoduje, ze czastki jed-
noimiennie natadowane odpychaja sie nie tworzac pozadanej struktury rdzefi — otoczka lub wielowar-
stwowej. Natomiast domieszkowanie struktury objetosciowej za pomocg czastek o wiasciwosciach ma-
gnetycznych (jony Zelaza, kobaltu, niklu) moZe prowadzi¢ do lugowania kationéw metalu do roztworu
lub zatrucia powierzchni fotokatalizatora w kolejnych cyklach oczyszczania strumienia fazy wodnej lub
gazowej, dlatego wazne jest zastosowanie warstwy inertnej pomigdzy rdzeniem magnetycznym, a war-
stwa fotokatalityczna.

Sposdb wytwarzania fotokatalizatora magnetycznego charakteryzuje sie wediug wynalazku tym,
Ze preparatyka czgstek magnetycznych, wytwarzanie warstwy inertnej oraz warstwy fotokatalizatora
zachodzi w jednym ukiadzie, bez koniecznosci separacji poszczegolnych jego komponentéw. Sposéb
otrzymywania fotokatalizatorow magnetycznych korzystnie prowadzi si¢ w ukiadzie mikroemulsji w/o,
jednak mozna réwniez stosowa¢ w tym celu roztwory wodne, roztwory wodne alkoholi i/lub roztwory
wodne surfaktantéw kationowych lub kationowych zwigzkéw o charakterze polimeréw w $rodowisku
zasadowym.
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W przedstawionym sposobie otrzymywania warstwowych fotokatalizatoréw magnetycznych
o strukturze wielowarstwowej do wody i/lub alkoholu wprowadza sie surfaktant kationowy, korzystnie
bromek heksadecetylo-trimetyloamoniowy (CTAB) i/llub chlorek heksadecylo-trimetyloamoniowy
(CTAC), bromek tetradecylotrimetyloamoniowy (TTAB), chlorek dodecylotrimetyloamoniowy (DTAC),
bromek heksadecylopirydyniowy (CPB) tak, aby jego stezenie wynosito od 0,01M do 10M, korzystnie
od 0,02 do 0,2M i/lub kopolimer kationowy, korzystnie polidimetyloaminoepichlorohydryne w ilosci od
0,01 do 30% wag., polichlorek diallilodimetyloamoniowy (PDDAC) w ilosci od 0,1 do 20% wag., korzyst-
nie 5% wag. i/lub polietylenoiming (PEI) w ilosci od 0,01 do 20% wag., korzystnie od 1 do 5% wag. Do
mieszaniny dodaje sig czastki magnetyczne lub sole metali, stanowigce prekursory czastek magnetycz-
nych, korzystnie w atmosferze gazu obojetnego, azotu lub argonu lub amoniaku. Jako czastki magne-
tyczne stosuje si¢ dowolny ferryt spinelowy, korzystnie z grupy: MFez04 (M=Mn, Zn, Fe), CoFezxMxOs
(M=Zn*, Mn?*), y-Fez0s, dowolny ferryt heksagonalny, korzystnie BaFei201s, BaFei201s-M2FesOs
(M=Mn, Fe, Zn), zwigzki z grupy magnesow organicznych, pyl zelazowy lub stopy metali i ich nano-
czastki o wiasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, korzystnie
Fe-Ni. Calos¢ miesza sig i dodaje sig substancje podwyzszajaca pH, w zakresie od 7 do 14, korzystnie
w zakresie od 8 do 10, z grupy: wodorotlenki metali grupy | i Il A ukiadu okresowego pierwiastkéw,
amoniak, sole amonowe, aminy, w takiej iloci, aby pH mieszaniny reakcyjnej wynosito od 7 do 14,
korzystnie od 8 do 10, po czym w warunkach kontrolowania pH mieszaniny, wprowadza si¢ sktadnik
warstwy inertnej w postaci polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego lub polidime-
tylosiloksanu i/lub krzemianu sodu i/lub krzemionki lub wegla korzystnie w postaci grafitu lub grafenu
lub prekursora skiadnika warstwy inertnej, takiego jak tetraetyloortokrzemian (TEOS) i/lub tetrametok-
sysilan (TMOS), w takiej ilosci, aby stosunek molowy skiadnika warstwy inertnej do czastek magnetycz-
nych wynosit od 0,01:1 do 20:1, korzystnie od 1:1 do 10:1. Calo$¢ miesza si¢ w pH zasadowym, otrzy-
mujgc czastki magnetyczne pokryte inertng warstwa polimeru lub krzemionki stabilizowane surfaktan-
tem kationowym i/lub kopolimerem kationowym. Oddzielnie sporzadza sig roztwor wodny i/lub alkoho-
lowy zawierajacy surfaktant kationowy, korzystnie bromek cetylo-trimetyloamoniowy i/lub chlorek hek-
sadecylo-trimetyloamoniowy i/lub kopolimer kationowy, korzystnie polidimetyloaminoepichlorohydryne,
polichlorek diallilodimetyloamoniowy i/lub polietylenoiming, do ktérego nastepnie dodaje sie czastki fo-
tokatalityczne péiprzewodnikéw z grupy: tienek tytanu(1V) TiOz, tlenek wolframu(VI) WOs, tlenek cynku
ZnO, dwutlenek cyny SnOz, siarczek kadmu CdS, korzystnie TiO2 korzystnie w postaci prekursora pét-
przewodnika, korzystnie tetrabutylo tytanian /lub tetraizopropylo tytanian i/lub siarczan tytanylu i/lub
czterochlorek tytanu przy wartosci pH wynoszacej w zakresie od 7 do 14, korzystnie od 8 do 10, w takiej
ilosci, aby stosunek molowy polprzewodnika do czastek magnetycznych wynosit w zakresie od 0,05:1
do 30:1, korzystnie w zakresie od 1:1 do 4:1. Czastki fotokatalityczne korzystnie modyfikuje sie po-
wierzchniowo nanoczgstkami metali szlachetnych lub bimetali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt,
Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10% molowych w stosunku do pélprzewodnika, korzystnie od
0,01 do 1% molowych lub czastki fotokatalityczne korzystnie domieszkuje sig niemetalem z grupy azot,
siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do pétprzewodnika, korzystnie
od 0,01 do 15% wagowych lub czastki fotokatalityczne korzystnie domieszkuje sie niemetalem z grupy
azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do péiprzewodnika, ko-
rzystnie od 0,01 do 15% wagowych i dodatkowo modyfikuje si¢ powierzchniowo w znany sposéb nano-
czastkami metali, korzystnie platyny, miedzi, palladu, srebra, zlota, rutenu w ilosci od 0,01 do 10% mo-
lowych w stosunku do pétprzewodnika, korzystnie od 0,01 do 1% molowych. Obie mieszaniny miesza
sig ze soba przez co najmniej 10 min, ustalajgc warto$¢ pH powyzej 7, korzystnie w zakresie od 8 do
10. Nastepnie otrzymane czastki separuje si¢ za pomocg pola magnetycznego, przemywa sig¢ woda,
suszy sig¢ do stalej masy w temperaturze 60-90°C i kalcynuje si¢ w temperaturze 250-1000°C przez
0,5-5 godzin.

Projektowane nanokompozyty o wlasciwosciach fotokatalitycznych i magnetycznych wediug wy-
nalazku sg otrzymywane w wyniku preparatyki w $rodowisku zasadowym z zastosowaniem kationowych
zwigzkow powierzchniowo czynnych, pozwalajacych na efektywng adhezjg poszczegdlnych warstw na
powierzchni rdzenia magnetycznego, korzystnie przeprowadza sig reakcje w ukladzie mikroemulsji w/o.
W mikroemulsji nanokrople fazy wodnej zdyspergowane sa w fazie ciaglej — olejowej, dodatkowo stabi-
lizowanej i chronionej przed aglomeracjq przez surfaktant na granicy faz w/o.

W przedstawionym sposobie preparatyke czastek przeprowadza sig¢ w ukiadzie odwréconych mi-
celi lub mikroemulsji w/o. Do fazy olejowej, ktéra zawiera ciekle weglowodory, korzystnie cykloheksan
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i/lub izooktan /lub heptan i/lub oktan, ko-surfaktant, korzystnie izopropanol, /lub n-butanol, /lub heksa-
nol w ilosci od 1 do 30% obj. oraz surfaktant, korzystnie z grupy: bromek cetylo-trimetyloamoniowy
(CTAB), chlorek heksadecylo-trimetyloamoniowy (CTAC), chlorek dodecylo-trimetyloamoniowy (DTAC),
bromek tetradecylotrimetyloamoniowy (TTAB) w stezeniu od 0,1M do 10M, korzystnie od 0,2M do 0,5M
dodaje sie faze wodng zawierajgcq sole metali, bedace prekursorem czastek magnetycznych. Nastep-
nie sporzadza si¢ mikroemulsje w/o zawierajgcg w fazie wodnej substancje podwyzszajacg pH z grupy:
amoniak i/lub sole amonowe i/lub aminy i/lub wodorotlenek metalu z | i Il grupy ukladu okresowego
pierwiastkow, a w fazie olejowej ciekle weglowodory, korzystnie cykloheksan i/lub izooktan i/lub heptan,
i/lub oktan oraz surfaktant kationowy, korzystnie z grupy: bromek cetylo-trimetyloamoniowy (CTAB),
chlorek heksadecylo-trimetyloamoniowy (CTAC), chlorek dodecylo-trimetyloamoniowy (DTAC), bromek
tetradecylotrimetyloamoniowy (TTAB), o stezeniu od 0,1M do 10M, korzystnie od 0,2M do 0,5M, w sto-
sunku do fazy olejowej, ilub kopolimer kationowy, korzystnie polidimetyloaminoepichlorohydryne w ilo-
$ci od 0,01 do 30% wag., polichlorek diallilodimetyloamoniowy (PDDAC) w ilosci od 0,1 do 20% wag.,
korzystnie 0,5% wag. i/lub polietylenoiminy (PEI) w ilosci od 0,01 do 20% wag., korzystnie od 1 do 5%
wag., tak aby pH wynosito od 7 do 14, korzystnie od 8 do 12, ktérg miesza si¢ korzystnie w atmosferze
gazu obojetnego. Nastepnie do mikroemulsji zawierajgcej sole metali zdyspergowane w fazie wodnej
wkrapla si¢ mikroemulsje zawierajgcg w fazie wodnej substancje podwyzszajacg pH z grupy: wodoro-
tlenki metali grupy | i Il A uktadu okresowego pierwiastkéw, amoniak, sole amonowe, aminy, w takiej
ilosci, aby pH mieszaniny reakcyjnej wynosito od 7 do 14, korzystnie od 8 do 12. Nastepnie miesza si¢
obydwie mikroemulsje, otrzymujac zawiesing czastek magnetycznych. Sposéb otrzymywania fotokata-
lizatora magnetycznego w ukiadzie odwréconych miceli lub mikroemulsji w/o charakteryzuje sie tym, ze
sporzadza sie, jak opisano powyzej pierwsza mikroemulsje w/o zawierajaca czastki magnetyczne lub
do mikroemulsji w/o zawierajgce surfaktant kationowy korzystnie z grupy: bromek cetylo-trimetyloamo-
niowy (CTAB), chlorek heksadecylo-trimetyloamoniowy (CTAC), chlorek dodecylo-trimetyloamoniowy
(DTAC), bromek tetradecylotrimetyloamoniowy (TTAB), o stezeniu od 0,1M do 10M, korzystnie od 0,2M
do 0,5M, w stosunku do fazy olejowej, ciekle weglowodory, korzystnie cykloheksan i/lub izooktan i/lub
heptan i/lub oktan oraz ko-surfaktant, korzystnie izopropanol, n-butanol lub heksanol w iloci od 1 do
30% obj., dodaje si¢ czastki magnetyczne. Jako czastki magnetyczne stosuje si¢ dowolny ferryt spine-
lowy, korzystnie z grupy: MFez0« (M=Mn, Zn, Fe), CoFe2.MxOs (M=Zn2*, Mn2*), y-Fe20s, dowolny ferryt
heksagonalny, korzystnie BaFe1201s, BaFei201s-M2FesOs (M=Mn, Fe, Zn), zwigzki z grupy magneséw
organicznych, pyt zelazowy lub stopy metali i ich nanoczastki o wlasciwosciach magnetycznych, takie
jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeO, korzystnie Fe-Ni. Oddzielnie sporzadza sie drugg mikroemul-
sje w/o zawierajacg w fazie wodnej substancje podwyzszajacg pH z grupy: amoniak i/lub sole amonowe
i/lub aminy i/lub wodorotienek metalu z | i Il grupy ukiadu okresowego pierwiastkow, a w fazie olejowej
ciekle weglowodory, korzystnie cykloheksan i/lub izooktan ilub heptan, i/lub oktan oraz surfaktant ka-
tionowy, korzystnie z grupy: bromek cetylo-trimetyloamoniowy (CTAB), chlorek heksadecylo-trimetylo-
amoniowy (CTAC), chlorek dodecylo-trimetyloamoniowy (DTAC), bromek tetradecylotrimetyloamo-
niowy (TTAB), o stezeniu od 0,1M do 10M, korzystnie od 0,2M do 0,5M, w stosunku do fazy olejowej,
i/lub kopolimer kationowy, korzystnie polidimetyloaminoepichlorohydryne w ilosci od 0,01 do 30% wag.,
polichlorek diallilodimetyloamoniowy (PDDAC) w ilosci od 0,1 do 20% wag., korzystnie 0,5% wag. ilub
polietylenoiminy (PEI) w ilosci od 0,01 do 20% wag., korzystnie od 1 do 5% wag., tak aby pH wynosito
od 7 do 14, korzystnie od 8 do 12, ktdrg korzystnie miesza si¢ w atmosferze gazu obojetnego, po czym
wprowadza si¢ skfadnik warstwy inertnej w postaci polidimetylosiloksanu i/lub krzemianu sodu i/lub
krzemionki lub wegla korzystnie w postaci polimeru poli(N-izopropyloakryloamidu) glikolu polietyleno-
wego lub grafitu lub prekursora skiadnika warstwy inertnej, takiego jak tetraetyloortokrzemian (TEOS)
i/lub tetrametoksysilan (TMOS), w ilosci takiej, aby stosunek molowy skiadnika warstwy inertnej do cza-
stek magnetycznych wynosit od 0,01:1 do 20:1, korzystnie od 1:1 do 10:1, po czym drugg mikroemulsje
dodaje si¢ do pierwszej i miesza sig utrzymujgc pH w zakresie od 7 do 14 korzystnie od 8 do 12,
a nastepnie dodaje sig czastki fotokatalityczne potprzewodnikéw z grupy: tienek tytanu(IV) TiOz, tlenek
wolframu(VI) WOs, tienek cynku ZnO, dwutlenek cyny SnOs, siarczek kadmu CdS, korzystnie TiOz ko-
rzystnie w postaci prekursora polprzewodnika, korzystnie tetrabutylo tytanian i/lub tetraizopropylo tyta-
nian Vlub siarczan tytanylu i/lub czterochlorek tytanu przy wartosci pH wynoszacej w zakresie od 7
do 14, korzystnie od 8 do 12, w takiej ilosci, aby stosunek molowy péiprzewodnika do czastek magne-
tycznych wynosit w zakresie od 0,05:1 do 30:1, korzystnie w zakresie od 1:1 do 4:1. Czastki fotokatali-
tyczne korzystnie dodaje sig do mikroemulsji zawierajacej czastki magnetyczne pokryte inertng warstwa
w postaci mikroemulsji w/o (trzeciej) o pH w zakresie od 7 do 14, korzystnie od 8 do 12, stabilizowanej
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surfaktantem kationowym i/lub kopolimerem kationowym, korzystnie polidimetyloaminoepichlorohy-
dryng w ilosci od 0,01 do 30% wag., polichlorkiem diallilodimetyloamoniowym (PDDAC) w ilosci od 0,1
do 20% wag., korzystnie 0,5% wag. i/lub polietylenoiming (PEI) w ilosci od 0,01 do 20% wag. Czastki
fotokatalityczne korzystnie modyfikuje si¢ powierzchniowo nanoczgstkami metali szlachetnych lub bi-
metali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10% molowych
w stosunku do pétprzewodnika, korzystnie od 0,01 do 1% molowych lub czastki fotokatalityczne korzyst-
nie domieszkuje sig¢ niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych
w stosunku do pdiprzewodnika, korzystnie od 0,01 do 15% wagowych lub czastki fotokatalityczne ko-
rzystnie domieszkuje si¢ niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30%
wagowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 15% wagowych i dodatkowo modyfi-
kuje sig powierzchniowo w znany sposéb nanoczastkami metali, korzystnie platyny, miedzi, palladu,
srebra, zlota, rutenu w ilosci od 0,01 do 10% molowych w stosunku do péiprzewodnika, korzystnie od
0,01 do 1% molowych. Nastepnie calo$¢ miesza si¢ ze sobg przez co najmniej 10 min, a nastepnie
otrzymane czastki fotokatalizatora magnetycznego separuje sie za pomocg pola magnetycznego, prze-
mywa sie woda, suszy sie do stalej masy korzystnie w temperaturze 60-90°C i kalcynuje sie w tempe-
raturze 250-1000°C przez 0,5-5 godzin.

Sposob wedlug wynalazku charakteryzuje sig tym, Ze otrzymany nanokompozyt moze wykazy-
wac aktywno$¢ w zakresie UV i Vis w wyniku domieszkowania struktury objetosciowej péiprzewodnika
za pomocg zwigzkéw niemetali, korzystnie z grupy: mocznik, i/lub tiomocznik, i/lub hydrazyna, i/lub
amoniak, i/lub kwas jodowy, i/lub jodek potasu, i/lub fluorowodér i/lub jondw metali, korzystnie zwigzkow
niklu, i/lub kobaltu, i/lub Zelaza, i/lub cynku, i/lub rutenu, ilub wolframu, i/lub miedzi, lub modyfikacji
powierzchni za pomocg nanoczastek metali szlachetnych, korzystnie platyny, illub palladu, i/lub ziota,
i/lub srebra oraz nanoczgstek metali grup przejsciowych, korzystnie miedzi, i/lub rutenu, i/lub cyrkonu,
i/lub rodu, /lub wanadu. W tym celu do mieszaniny reakcyjnej przed dodaniem czastek fotokatalizatora
z grupy: TiOz, WO3, ZnO, SnO2, Cds, ilub prekursora pélprzewodnika, korzystnie tetrabutylo tytanianu,
i/lub tetraizopropylo tytanianu, i/lub siarczan tytanylu, i/lub czterochlorek tytanu wprowadza sig prekur-
sor nanoczastek metalu i/lub prekursor niemetali z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01
do 30% wagowych w stosunku do TiOz, korzystnie od 0,01 do 15% wagowych i/lub prekursor czastek
platyny, miedzi, palladu w ilosci od 0,01 do 10% molowych w stosunku do TiOz, korzystnie od 0,01 do
1% molowych, korzystnie otrzymujac strukture warstwy fotokatalitycznej |-TiOz, N-TiOz, S-TiOz,
1,C-TiOz, B-TiO2, PVI-TiOz, PUN-TiOz, Pd/-I-TiOz, Pd/N-TiOz, Cu/l-TiO2, Cu/N-TiOz, Pt-Cu-TiOz, Pt-Pd-
TiOz2, Pd-Cu-TiO2, Au-Pt-TiOz, Au-Pd-TiOz, Ag-Pt-TiOz, Ag-Cu-TiO2 stosujgc metode mikroemulsyjng,
zol-Zel lub hydrotermalna.

W wariancie realizacji wynalazku modyfikacje powierzchniowg nanoczgstkami metalu szlachet-
nego, ilub jonami metali i/lub domieszkowanie niemetalem péiprzewodnika z grupy: TiOz, WOs, ZnO,
SnOz, CdS, illub prekursora péiprzewodnika przeprowadza sig in-situ w mieszaninie reakcyjnej zawie-
rajacej czastki magnetyczne pokryte inertng warstwg. W tym celu do mieszaniny reakcyjnej zawierajacej
czastki magnetyczne pokryte warstwg inertng dodaje sig prekursor péiprzewodnika i/lub nanoczastki
polprzewodnika oraz roztwory kwaséw i/lub soli metali i/lub niemetali tak, aby stosunek domieszki do
potprzewodnika wynosit od 0,01 do 30% wag. Modyfikacje czastkami metali korzystnie prowadzi si¢
poprzez redukcje chemiczng za pomocg mocnego reduktora, korzystnie borowodorku sodu lub redukcje
termiczng w temperaturze od 300°C do 1000°C.

Dzigki wykorzystaniu sposobu wedlug wynalazku otrzymuje sie fotokatalizator magnetyczny wie-
lowarstwowy w jednym ukifadzie, bez koniecznosci separacji poszczegdlnych jego komponentéw
w oparciu o adhezje w $rodowisku zasadowym czastek warstwy inertnej i warstwy fotokatalizatora sta-
bilizowanych kationowym surfaktantem i/lub kopolimerem kationowym. Otrzymane wediug sposobu opi-
sanego w wynalazku fotokatalizatory magnetyczne mozna separowac z fazy wodnej po przyloZeniu
gradientu pola magnetycznego. Petle histerezy dla wybranych fotokatalizatorow magnetycznych wska-
zuja, ze nanokompozyty s superparamagnetyczne oraz charakteryzujg si¢ wysokim momentem ma-
gnetycznym wynoszacym od 15 do 60 emu-g'. Otrzymane fotokatalizatory magnetyczne wykazujg wy-
soka efektywno$¢ degradaciji zwigzkow organicznych np. fenolu, kwasu benzoesowego, w tym réwniez
zwigzkow niepodatnych na rozkiad biologiczny, takich jak: etodolak, karbamazepina, hydrochlorotiazyd,
obecnych w $ciekach przemystowych oraz w $ladowych ilosciach w wodach powierzchniowych.

Charakterystyke wiasciwosci magnetycznych i fotokatalitycznych wybranych nanokompozytéw
otrzymanych wediug sposobu wykonania oméwionego w niniejszym wynalazku oraz szczegdlowy opis
wykonania przedstawiono w przyktadach wykonania i na rysunku, na ktérym fig. 1 przedstawia zmiang
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potencijalu zeta w funkcji pH dla (a) czastek magnetycznych BaFe120:1s, fotokatalizatora TiOz i czastek
SiO2 oraz (b) dla czastek CoFez0:, fotokatalizatora TiO2 i czastek SiO2, fig. 2 przedstawia wykresy
histerezy magnetycznej dla fotokatalizatora magnetycznego TiO2/SiOz/BaFe1201s.

Przyktad 1

Sposob otrzymy ia fotc Ii a magnety go PY/N-TiO2/SiO2/CoFez04
w mikroemulsji w/o, charakteryzujgcego sie aktywnoscig w zakresie promieniowania widzialnego

Pierwsza mikroemulsje otrzymuje sie poprzez dodanie surfaktantu CTAB do n-butanolu, ktéry
stanowi ko-surfaktant. Nastepnie dodaje si¢ CTAB i n-butanol do izooktanu w stosunku molowym
CTAB:n-butanol:izooktan wynoszacym 1:4:8. Do 200 cm® 0,45M CTAB w izooktanie wkrapla sig roztwor
wodny zawierajacy FeSOs-7H20 i CoClz w stosunku molowym Fe?* do Co?* wynoszacym 2:1. Stosunek
objetosci fazy olejowej do fazy wodnej wynosi 8:1. Calo$¢ miesza si¢ 30 min w atmosferze gazu obo-
jetnego, azotu. Nastepnie do pierwszej mikroemulsji dodaje si¢ druga mikroemulsje zawierajgcg
CTAB:n-butanol:izooktan w proporcji molowej 1:4:8 oraz zdyspergowany w fazie wodnej odczynnik stra-
cajacy, NaOH tak, aby stosunek molowy Fe2*:Co?*:0OH" wynosit 1:0,5:2. Stracanie czastek magnetycz-
nych przeprowadza sig przy pH fazy wodnej rownym 10. Po 30 min mieszania w atmosferze gazu obo-
jetnego otrzymuije sie koloid czastek magnetycznych CoFe20.. Oddzielnie sporzadza sie trzecig mikro-
emulsje o takim samym skladzie CTAB:n-butanol:izooktan wynoszacym 1:4:8, zawierajgcg w fazie wod-
nej 3M trietyloaming (TEA). Stosunek objetosci fazy olejowej do fazy wodnej w mikroemulsji trzeciej
wynosi 8:1. Nastgpnie do mikroemulsji trzeciej wkrapla sie tetrametoksysilan. Stosunek molowy
TMOS:CoFe20: wynosi 5, a TEA do TMOS wynosi 10. Do mikroemulsji w/o zawierajacej czgstki ma-
gnetyczne dodaje si¢ mikroemulsje trzecig zawierajacg czastki krzemionki. Nastepnie otrzymuje sie mi-
kroemulsjg czwartg CTAB:n-butanol:izooktan w stosunku molowym 1:4:8, do ktérej wprowadza sie pre-
kursor tlenku tytanu(IV), tetrabutylo tytanian i mocznik, przy wartosci pH wynoszacej 11. Stosunek mo-
lowy Ti:N wynosi 1:4, a polprzewodnika do zwigzku magnetycznego wynosi 2:1. Do ukladu wprowadza
sie 0,25 cm® 0,048M KzPtCls tak, aby zawartos¢ czastek platyny w stosunku do TiOz wynosita 0,05%
mol. Nastepnie mikroemulsje czwartg dodaje sie do ukfadu koloidalnego czastek magnetycznych po-
krytych inertng warstwa krzemionki i miesza korzystnie przez 1 h. Otrzymane czastki fotokatalizatora
PUN-TiO2/SiOz/CoFez0s separuje sie za pomocg pola magnetycznego, przemywa sie woda, suszy sie
w temperaturze 80°C i kalcynuje si¢ w temperaturze 400°C przez 2 godziny. Moment magnetyczny
otrzymanych czastek wynosi 40 emu-g’'.

Efektywnos¢ fotokatalityczng zbadano w reakcji degradacii fenolu oraz etodolaku. Stwierdzono,
Ze po 30 min naswietlania promieniowaniem z zakresu widzialnego (A>420 nm) degradacji ulega 100%
fenolu oraz 45% etodolaku, za$ stopien mineralizacji zwigzkéw wynosi odpowiednio 88% oraz 20%.

Przyktad 2
Sposob otrzymywania fotokatalizatora magnetycznego TiO2/SiOz/BaFe:20s oraz
Pd/I-TiO2/SiOz/BaFe120s w mikre Isji w/o, charak jjgcego sie aktywnoscig

w zakresie promieniowania UV i Vis

Do 200 cm?® mikroemulsji 0,5M CTAB i n-butanolu w izooktanie, w stosunku molowym CTAB:
n-butanol:izooktan wynoszacym 1:4:8 wkrapla sie roztwér wodny prekursoréow ferrytu barowego
Fe(NOs)s i Ba(NOs)s. Stosunek molowy jondw Ba®* do Fe®* wynosi 1:10, natomiast stosunek objetosci
fazy olejowej do fazy wodnej 9:1. Calo$¢ miesza sie 30 min w atmosferze gazu obojetnego, azotu.
Nastepnie do pierwszej mikroemulsji dodaje si¢ drugg mikroemulsje zawierajacg CTAB:n-butanol:izo-
oktan w proporcji molowej 1:4:8 oraz zdyspergowany w fazie wodnej odczynnik stracajacy, 5SM NH«OH.
Stracanie czastek magnetycznych przeprowadza sie przy pH fazy wodnej réwnym 11. Po 1 h mieszania
w atmosferze gazu obojetnego wprowadza si¢ TEOS. Stosunek molowy TEOS:BaFe20s wynosi 12.
Do koloidu czastek magnetycznych pokrytych inertng warstwa krzemionki dodaje sie 0,5% wag. poli-
chlorku diallilodimetyloamoniowego (PDDA), a nastepnie czastki magnetyczne pokrywa si¢ warstwg
fotokatalizatora. W tym celu sporzadza sig 50 cm® mikroemulsji CTAB:n-butanol:izooktan w proporcji
molowej 1:4:8, do ktdrej dodaje sie prekursor TiO: tetraizopropylotytanianu (TIP). Stosunek molowy
potprzewodnika do zwigzku magnetycznego wynosi 1:1.

Alternatywnie, w celu uzyskania aktywnosci fotokatalizatora w $wietle widzianym oddzielnie spo-
rzadza si¢ 50 cm® mikroemulsji 0,5M CTAB, n-butanol w izooktanie, w stosunku molowym CTAB:
n-butanol:izooktan wynoszacym 1:4:8, wprowadzajac do fazy wodnej 6 mM kwas jodowy, 10 cm® tetra-
izopropylotytanianu. Nastepnie po 30 min mieszania dodaje si¢ 0,5 cm?® PdClz tak, aby zawarto$¢ pal-
ladu do TiO2 wynosita 0,05% molowych oraz po 30 min mieszania dodaje sig 0,5 cm® borowodorku sodu
w nadmiarze molowym w stosunku do jonéw palladu wynoszacym 1,5. Otrzymana mikroemulsje trzecig
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zawierajacg czastki fotc izatora domieszkowane jodem i modyfikowane powierzchniowo palladem
dodaje sie do mikroemulsji zawierajacej czastki BaFe120¢/SiOz, warto$¢ pH powinna wynosi¢ powyzej
8 (0,1M NH:OH). Otrzymane czastki fotokatalizatora magnetycznego separuje si¢ w znany sposaéb,
suszy do stalej masy i kalcynuje w temperaturze 300°C, otrzymujac fotokatalizator Pd/I-TiO2/SiOz/BaFe120s,
separowalny w polu magnetycznym.

Wiasciwosci fotokatalityczne zbadano w reakcji degradacji fenolu oraz hydrochlorotiazydu.
Stwierdzono, ze w wyniku i ia promienic iem z zakresu widzialnego (%>420 nm) w czasie
40 min naswietlania degradaciji uleglo 100% fenolu, za$ w czasie 2 h zdegradowalo 70% hydrochlorotia-
zydu. Jak pokazano na Fig. 2, magnetyczno$¢ nanokompozytu TiO2/SiOz/BaFe:20s wynosi 43 emu-g'.

Przyktad 3

Sposob otrzymywania fotokatalizatora magnetycznego Ag-TiO2/SiOz/Fe/FesOs w mikroemulsji w/o,
charakteryzujacego sie aktywnoscig w zakresie UV-Vis

Do 100 cm? 0,5M CTAC w n-oktanie wprowadza si¢ zdyspergowane uprzednio za pomoca ultra-
dzwiekow w wodzie czastki pylu zelazowego (Fe) o wielkosci 0,1 um. Stosunek molowy CTAC do ko-
surfaktantu, n-butanolu oraz n-oktanu CTAC:n-butanokizooktan wynosi 1:5:12. Stosunek objetosci fazy
olejowej do fazy wodnej wynosi 12:1. Po 1 h mieszania wytwarza si¢ warstwa pasywujaca tlenku ze-
laza(ll) zelaza(lll) na powierzchni Fe. Do ukiadu koloidalnego dodaje sig tetraetyloortokrzemian. Stosu-
nek molowy TEOS do Fe wynosi 12:1. Nastgpnie koryguje si¢ pH fazy wodnej mikroemulsji w/o do
wartosci 12, wkraplajac 50 cm® mikroemulsji o takim samym skladzie, zawierajacej w fazie wodnej od-
czynnik strgcajgcy czastki SiO2, 5M NaOH. Po 1 h mieszania do otrzymanej mikroemulsji w/o zawiera-
jacej czastki magnetyczne pokryte warstwa inertng krzemionki dodawany jest fotokatalizator. W celu
sporzadza sig trzecig mikroemulsj¢ CTAC:n-butanolizooktan w stosunku molowym wynoszacym
1:5:12, ktéra zawiera w fazie wodnej 0,35M roztwor azotanu srebra. Zawarto$¢ czastek srebra osadzo-
nych na powierzchni TiOz wynosi 2,5% mol. Do mikroemulsji trzeciej dodaje sig jest tetraizopropylo
tytanian (TIP) i wprowadza si¢ odczynnik redukujacy, hydrazyne tak, aby stosunek molowy hydrazyny
do Ag* wynosit 2:1. Nastepnie do zawiesiny czastek magnetycznych pokrytych krzemionka wprowadza
sig mikroemulsje zawierajacej czastki Ag-TiO2 przy wartosci pH 10,5 korygowanej za pomocg wody
amoniakalnej. Otrzymane czastki fotokatalizatora Ag-TiO2/SiOz/Fe/FesO: separuje sie i suszy w znany
sposob oraz kalcynuje sig w temperaturze 400°C przez 1 godzing. Moment magnetyczny otrzymanych
czastek wynosi 16 emu-g"'.

Zaobserwowano, Ze stopien redukcii fenolu po 60 min naswietlania promieniowaniem z zakresu
widzialnego (%.>420 nm) wodnego roztworu 0,2 mM fenolu zawierajgcego 1 g-dm* fotokatalizatora
Ag-TiO2/SiO2/Fe/FesOs wynosi 85%, za$ efekt biobdjczy zbadany na szczepach bakterii: Escherichia
coli ATCC 10536 i Staphylococcus aureus ATCC 6538 oraz grzyboéw Candida albicans ATCC 10231
zaobserwowano przy zawartosci 250 mg fotokatalizatora na 1 dm? fazy wodnej.

Przyktad 4

Sposob otrzymywania fotokatalizatora magnetycznego ZnO/SiOz/CoFez04
aktywnego w zakresie promieniowania UV

Do 0,1M bromku tetradecylotrimetyloamoniowego (TTAB) w wodzie dodaje si¢ FeSO4-7H20
i CoClz w stosunku molowym Fe?* do Co?* wynoszacym 2:1, calo$¢ miesza sie 30 min w atmosferze
gazu obojetnego i wprowadza sig roztwér wodny NaOH tak, aby stosunek molowy Fe?*:Co?*:OH wynosi
1:0,5:2. Nastepnie dodaje sig 0,1M trietyloaming (TEA) do pH fazy wodnej wynoszacego 11 i wkrapla
sie tetrametoksysilan. Stosunek molowy TMOS:CoFe20s wynosi 6, a TEA do TMOS wynosi 10. Nastep-
nie do czgstek magnetycznych pokrytych warstwa inertng dodawany jest roztwér trzeci 0,1M TTAB za-
wierajacy zdyspergowane czastki ZnO. Stosunek molowy pdiprzewodnika do zwigzku magnetycznego
wynosi 1:1. Zawiesing fotokatalizatora wprowadza si¢ do ukfadu koloidalnego czastek magnetycznych
pokrytych warstwg inertng, korygujgc wartos¢ pH do 10. Otrzymane czastki fotokatalizatora
Zn0O/SiO2/CoFe20+ separuje si¢ za pomocg pola magnetycznego, przemywa si¢ wodg i suszy si¢
w temperaturze 80°C. Moment magnetyczny otrzymanych czastek wynosi 20 emu-g'. Efektywnos¢ fo-
tokatalityczng zbadano w reakcji degradacji kwasu benzoesowego. Stwierdzono, ze po 60 min naswie-
tlania promieniowaniem z zakresu UV degradacji ulega 95% kwasu benzoesowego, za$ stopien mine-
ralizacji zwigzkéw wynosit 83%.
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Przyktad 5
Sposob otrzymywania fotokatalizatora magnetycznego TiO2/SiOz/MnFe204
aktywnego w zakresie promieniowania UV

Do 0,05M chlorku dodecylotrimetyloamoniowego (DTAC) dodaje sie czastki magnetyczne
MnFe204. Oddzielnie sporzadza sig roztwér 0,05M DTAC, do ktérego wprowadza sie 1M wodg amonia-
kalng do wartosci pH 8 i wkrapla si¢ TEOS. Stosunek molowy TEOS:MnFe20« wynosi 3. Nastgpnie do
czastek magnetycznych dodawany jest koloid czastek SiO2. Oddzielnie sporzadza sie 20 cm?® roztwor
wodny DTAC, do ktérego wprowadza sig TiOz P25 i 1% wag. polietylenoiminy. Stosunek molowy pot-
przewodnika do zwigzku magnetycznego wynosi 0,5:1. Zawiesing fotokatalizatora wprowadza si¢ do
ukiadu koloidalnego czastek magnetycznych pokrytych warstwg inertng, korgujac wartosé¢ pH do 8.
Otrzymane czastki fotokatalizatora TiO2/SiO2/MnFe20s separuje sig¢ za pomoca pola magnetycznego,
przemywa sie wodg i suszy si¢ w temperaturze 80°C. Moment magnetyczny otrzymanych czastek wy-
nosi 56 emu-g''. Efektywno$c¢ fotokatalityczng zbadano w reakcji degradaciji fenolu. Stwierdzono, ze po
25 min naswietlania promieniowaniem z zakresu UV degradacji ulega 100% fenolu, zas stopier mine-
ralizacji zwigzkéw wynosit 95%.

Przyktad 6

Sposoéb otrzymywania fotokatalizatora magnetycznego TiOz/C/MnFe20x lub TiO2/PEG-
PNIPAM/MnFe20: aktywnego w zakresie promieniowania UV

Postepuije sie jak w przykladzie 5, przy czym jako sktadnik warstwy inertnej dodaje si¢ czastki
grafenu w ilosci 2% molowych lub polimer poli(N-izopropyloakryloamidu) glikolu polietylenowego w ilosci
5% molowych.

Przyktad 7

Sposob otrzymywania fotokatalizatora magnetycznego Pd/TiOz/C/MnFez0s lub
Pd/TiO=/PEG-PNIPAmM/MnFez0: aktywnego w zakresie promieniowania UV i Vis

Postepuje sie jak w przykladzie 5, przy czym jako skiadnik warstwy inertnej dodaje sig czastki
grafenu wilosci 2% molowych lub polimer poli(N-izopropyloakryloamidu) glikolu polietylenowego w ilosci
5% molowych. Otrzymane czastki fotokatalizatora TiO2/C/MnFez0s lub TiOz/PEG-PNIPAM/MnFez-0s
modyfikuje sie palladem, dodajac do wodnej iesiny czastek fotc izatora magnetycznego 0,5 cm?
PdCl2 tak, aby zawartos¢ palladu do TiO2 wynosita 0,1% molowych. Nastepnie dodaje sie 5 cm® boro-
wodorku sodu w nadmiarze molowym w stosunku do jonéw palladu wynoszacym 1,5. Otrzymane czgstki
fotokatalizatora Pd/TiO2/C/MnFez0a lub Pd/TiOz/PEG-PNIPAmM/MnFez0a separuje si¢ za pomocg pola
magnetycznego, przemywa si¢ wodg i suszy si¢ do stalej masy. Efektywnos¢ fotokatalityczng zbadano
w reakcji degradacji benzochinonu. Stwierdzono, Ze po 40 min naswietlania promieniowaniem z zakresu
UV-Vis degradacji ulega 70% i 65% benzochinonu dla Pd/TiO2/C/MnFe20s lub Pd/TiOz/PEG-PNI-
PAmM/MnFezOs.

Zastrzezenia patentowe

1. Sposob otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokdt czastki magnetycznej, ktdrg nastepnie pokrywa sie czgstkami foto-
katalitycznymi, znamienny tym, Zze sporzadza si¢ mieszaning reakcyjng, w ktdrej korzystnie
w atmosferze gazu obojetnego lub amoniaku do wody ilub alkoholu dodaje sig surfaktant ka-
tionowy, korzystnie bromek heksadecetylo-trimetyloamoniowy (CTAB) i/lub chlorek heksade-
cylo-trimetyloamoniowy (CTAC), bromek tetradecylotrimetyloamoniowy (TTAB) i/lub chlorek
dodecylotrimetyloamoniowy (DTAC) i/lub bromek heksadecylopirydyniowy (CPB) o stezeniu
od 0,01M do 10M, korzystnie od 0,02M do 0,2M, i/lub kopolimer kationowy, korzystnie polidi-
metyloaminoepichlorohydryne w ilosci od 0,01 do 30% wag., polichlorek diallilodimetyloamo-
niowy (PDDAC) w ilosci od 0,1 do 20% wag., korzystnie 0,5% wag., ilub polietylenoiming
(PEI) wilosci od 0,01 do 20% wag., korzystnie od 1 do 5% wag., oraz czgstki magnetyczne,
po czym calo$¢ miesza sig, a nastgpnie dodaje si¢ substancje podwyzszajacg pH z grupy:
wodorotlenki metali grupy | i Il A ukladu okresowego pierwiastkéw, amoniak, sole amonowe,
aminy, w takiej ilosci, aby pH mieszaniny reakcyjnej wynosito od 7 do 14, korzystnie od 8 do
10, po czym w warunkach kontrolowania pH mieszaniny, wprowadza si¢ skladnik warstwy
inertnej w postaci polimeru poli(N-izopropyloakryloamidu), glikolu polietylenowego lub polidi-
metylosiloksanu i/lub krzemianu sodu i/lub krzemionki lub wegla korzystnie w postaci grafitu
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lub grafenu lub prekursora skiadnika warstwy inertnej, takiego jak tetraetyloortokrzemian
(TEOS) illub tetrametoksysilan (TMOS), w takiej ilosci, aby stosunek molowy skiadnika war-
stwy inertnej do czastek magnetycznych wynosit od 0,01:1 do 20:1, korzystnie od 1:1 do 10:1,
przy czym cato$¢ miesza sig utrzymujac zasadowy poziom pH, za$ oddzielnie sporzadza sig
roztwor wodny i/lub alkoholowy zawierajgcy surfaktant kationowy, korzystnie bromek cetylo-
trimetyloamoniowy i/lub chlorek heksadecylo-trimetyloamoniowy i/lub kopolimer kationowy,
korzystnie polidimetyloaminoepichlorohydryne, polichlorek diallilodimetyloamoniowy i/lub po-
lietylenoiming, do ktérego nastepnie dodaje sie czastki fotokatalityczne pdiprzewodnikéw
z grupy: tlenek tytanu(1V) TiOz, tlenek wolframu(V1) WO, tlenek cynku ZnO, dwutlenek cyny
SnOz, siarczek kadmu CdS, korzystnie TiO2 korzystnie w postaci prekursora péiprzewodnika,
korzystnie tetrabutylo tytanian i/lub tetraizopropylo tytanian i/lub siarczan tytanylu i/lub cztero-
chlorek tytanu przy wartosci pH wynoszacej w zakresie od 7 do 14, korzystnie od 8 do 10,
w takiej ilosci, aby stosunek molowy pdiprzewodnika do czastek magnetycznych wynosit
w zakresie od 0,05:1 do 30:1, korzystnie w zakresie od 1:1 do 4:1, po czym obie mieszaniny
miesza sie ze sobg przez co najmniej 10 min, a nastepnie otrzymane czastki separuje sie za
pomocg pola magnetycznego, przemywa si¢ woda, suszy sie do stalej masy w temperaturze
60-90°C i kalcynuje sig w temperaturze 250-1000°C przez 0,5-5 godzin.

2. Sposéb wedlug zastrz. 1, znamienny tym, Ze jako czastki magnetyczne stosuje sig dowolny
ferryt spinelowy, korzystnie z grupy: MFe20s (M=Mn, Zn, Fe), CoFezxMxOs (M=Zn?*, Mn?*),
v-Fez0s, dowolny ferryt heksagonalny, korzystnie BaFe:201s, BaFei201s-MzFe«Os (M=Mn,
Fe, Zn), zwigzki z grupy magnesow organicznych, pyt zelazowy lub stopy metali i ich nano-
czastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, ko-
rzystnie Fe-Ni.

3. Sposoéb wedlug zastrz. 1, znamienny tym, Ze jako czastki fotokatalityczne stosuje sig czastki
fotokatalityczne zmodyfikowane powierzchniowo nanoczastkami metali szlachetnych lub bi-
metali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10%
molowych w stosunku do pdiprzewodnika, korzystnie od 0,01 do 1% molowych.

4. Sposob wedlug zastrz. 1, znamienny tym, ze czastki fotokatalityczne domieszkuje si¢ nieme-
talem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do
potprzewodnika, korzystnie od 0,01 do 15% wagowych.

5. Sposdb wedlug zastrz. 4, znamienny tym, Ze czgstki fotokatalityczne dodatkowo modyfikuje
sig powierzchniowo w znany sposéb nanoczgstkami metali korzystnie platyny, miedzi, palladu
w ilosci od 0,01 do 10% molowych w stosunku do pdlprzewodnika, korzystnie od 0,01 do 1%
molowych.

6. Sposdb otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokot czastki magnetycznej, ktorg nastgpnie pokrywa sig czgstkami foto-
katalitycznymi, znamienny tym, Ze sporzadza si¢ pierwsza mikroemulsje w/o zawierajgca
czastki magnetyczne oraz surfaktant kationowy korzystnie z grupy: bromek cetylo-trimetylo-
amoniowy (CTAB), chlorek heksadecylo-trimetyloamoniowy (CTAC), chlorek dodecylo-trime-
tyloamoniowy (DTAC), bromek tetradecylotrimetyloamoniowy (TTAB), o stezeniu od 0,1M do
10M, korzystnie od 0,2M do 0,5M, w stosunku do fazy olejowej, ciekte weglowodory, korzyst-
nie cykloheksan i/lub izooktan i/lub heptan i/lub oktan oraz ko-surfaktant, korzystnie izopropa-
nol, n-butanol lub heksanol w ilosci od 1 do 30% obj., przy czym oddzielnie sporzadza sie
druga mikroemulsje w/o zawierajaca w fazie wodnej substancje podwyzszajaca pH z grupy:
amoniak i/lub sole amonowe i/lub aminy i/lub wodorotlenek metalu z | i Il grupy uktadu okre-
sowego pierwiastkéw, a w fazie olejowej ciekle weglowodory, korzystnie cykloheksan i/lub
izooktan i/lub heptan, i/lub oktan oraz surfaktant kationowy, korzystnie z grupy: bromek cetylo-
trimetyloamoniowy (CTAB), chlorek heksadecylo-trimetyloamoniowy (CTAC), chlorek dode-
cylo-trimetyloamoniowy (DTAC), bromek tetradecylotrimetyloamoniowy (TTAB), o steZeniu od
0,1M do 10M, korzystnie od 0,2M do 0,5M, w stosunku do fazy olejowej, i/lub kopolimer katio-
nowy, korzystnie polidimetyloaminoepichlorohydryne w ilosci od 0,01 do 30% wag., polichlo-
rek diallilodimetyloamoniowy (PDDAC) w ilosci od 0,1 do 20% wag., korzystnie 0,5% wag.
/lub polietylenoiminy (PEI) w ilosci od 0,01 do 20% wag., korzystnie od 1 do 5% wag., tak aby
pH wynosito od 7 do 14, korzystnie od 8 do 12, ktdrg korzystnie miesza si¢ w atmosferze gazu
obojetnego, po czym wprowadza sig skladnik warstwy inertnej w postaci polidimetylosiloksanu
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ilub krzemianu sodu i/lub krzemionki lub wegla korzystnie w postaci polimeru poli(N-izopro-
pyloakryloamidu) glikolu polietylenowego lub grafitu lub prekursora skiadnika warstwy inertnej,
takiego jak tetraetyloortokrzemian (TEOS) i/lub tetrametoksysilan (TMOS), w ilo$ci takiej, aby
stosunek molowy skiadnika warstwy inertnej do czastek magnetycznych wynosit od 0,01:1 do
20:1, korzystnie od 1:1 do 10:1, po czym drugg mikroemulsje dodaje si¢ do pierwszej i miesza
sie utrzymujgc pH w zakresie od 7 do 14 korzystnie od 8 do 12, a nastepnie dodaje sig czgstki
fotokatalityczne potprzewodnikéw z grupy: tlenek tytanu(1V) TiOz, tlenek wolframu(VI) WOs,
tlenek cynku ZnO, dwutlenek cyny SnOz, siarczek kadmu CdS, korzystnie TiOz korzystnie
w postaci prekursora péiprzewodnika, korzystnie tetrabutylo tytanian i/lub tetraizopropylo ty-
tanian i/lub siarczan tytanylu i/lub czterochlorek tytanu przy warto$ci pH wynoszacej w zakre-
sie od 7 do 14, korzystnie od 8 do 12, w takiej ilosci, aby stosunek molowy péiprzewodnika do
czgstek magnetycznych wynosit w zakresie od 0,05:1 do 30:1, korzystnie w zakresie od 1:1
do 4:1, po czym calo$¢ miesza sig przez co najmniej 10 min, a nastepnie otrzymane czastki
separuje sig¢ za pomocg pola magnetycznego, przemywa si¢ woda, suszy sie w temperaturze
60-90°C i kalcynuje sie w temperaturze 250-1000°C przez 0,5-5 godzin.

7. Sposodb, wedlug zastrz. 6, znamienny tym, Ze czastki fotokatalityczne dodaje sie w postaci
mikroemulsji w/o o pH w zakresie od 7 do 14, korzystnie od 8 do 12, stabilizowanej surfaktan-
tem kationowym ¥/lub kopolimerem kationowym, korzystnie polidimetyloaminoepichlorohy-
dryng w ilosci od 0,01 do 30% wag., polichlorkiem diallilodimetyloamoniowym (PDDAC)
w ilosci od 0,1 do 20% wag., korzystnie 0,5% wag. i/lub polietylenoiming (PEI) w ilosci od 0,01
do 20% wag.

8. Sposob wedlug zastrz. 6 albo 7, znamienny tym, Ze jako czastki fotokatalityczne stosuje sig
czastki fotokatalityczne zmodyfikowane powierzchniowo nanoczgstkami metali szlachetnych
lub bimetali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do
10% molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1% molowych.

9. Sposob wedlug zastrz. 6 albo 7, znamienny tym, ze czastki fotokatalityczne domieszkuje sig
niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w sto-
sunku do polprzewodnika, korzystnie od 0,01 do 15% wagowych.

10. Sposob wedlug zastrz. 9, znamienny tym, Ze czastki fotokatalityczne dodatkowo modyfikuje
sie powierzchniowo w znany sposéb nanoczgstkami metali korzystnie platyny, miedzi, palladu
w iloéci od 0,01 do 10% molowych w stosunku do pdiprzewodnika, korzystnie od 0,01 do
1% molowych.

11. Sposob wedlug zastrz. 6 albo 7, znamienny tym, e jako czgstki magnetyczne stosuje sig¢
dowolny ferryt spinelowy, korzystnie z grupy: MFez20s (M=Mn, Zn, Fe), CoFe2xM«Os (M=Zn?*,
Mn?*), y-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFei2O:s, BaFei201s-M2FesOs
(M=Mn, Fe, Zn), zwigzki z grupy magneséw organicznych, pyt zelazowy lub stopy metali i ich
nanoczastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz,
korzystnie Fe-Ni.
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Opis wynalazku

Przedmiotem wynalazku jest sposob otrzymywania warstwowych fotokatalizatoréw magnetycz-
nych, aktywnych w zakresie promieniowania UV i Vis, majgcych zastosowanie zwlaszcza w reakcji fo-
tokatalitycznej degradaciji wybranych zwigzkéw organicznych i nieorganicznych.

Z dokumentacji zgloszeniowej CN101816937A znany jest sposob preparatyki fotokatalizatora
TiO2/FesOs o whasciwosciach magnetycznych aktywnego w zakresie promieniowania UV. Zgodnie
z opisem zgloszeniowym fotokatalizator magnetyczny otrzymuje si¢ dwuetapowo w wyniku wspoistra-
cania jonoéw Fe®* oraz Fe?* w pH wynoszacym 11 za pomoca amoniaku, w roztworze wodnym dodecy-
lobenzenosulfonianu sodu (SDBS), anionowego zwigzku powierzchniowo czynnego. Stosunek jonow
Fe* do Fe?* wynosi 1,8, temperatura reakcji 60°C, za$ stezenie surfaktantu 10% zawartosci zelaza
w ukiadzie koloidalnym. Otrzymane czastki magnetyczne odseparowano i suszono w temperaturze
80°C przez 48 h, a nastepnie wprowadzano do bezwodnego alkoholu etylowego zawierajacego prekur-
sor TiOz-tetrabutylo tytanian (TBOT), dodawano wode, w celu zainicjowania reakgji hydrolizy w pH wy-
noszacym 3, ktére korygowano za pomoca kwasu azotowego(V). Otrzymany nanokompozyt suszono
i kalcynowano w 450°C przez 2 h.

Z opisu patentowego US7504130B1 znany jest sposéb preparatyki nanokompozytu TiOz/NiFe20«
o strukturze rdzen-otoczka metoda straceniowa w ukiadzie odwréconych miceli. W tym sposobie w celu
otrzymania fotokatalizatora magnetycznego, do fazy organicznej (izooktan) zawierajacej surfaktant
(0,5M AOT) wprowadzano wodne roztwory chlorku zelaza(ll) oraz chlorku niklu(ll). Nastepnie wkraplano
druga mikroemulsje zawierajacq w fazie zdyspergowanej 30% roztwér wody amoniakalnej. Do otrzyma-
nego koloidu NiFez0: dodawano roztwor prekursora TiOz, korzystnie TiCls w HCI w stosunku molowym
TiOz:NiFez0: wynoszacym 1:1. Nastepnie otrzymane czastki przeplukiwano izopropanolem, separo-
wano i suszono w temperaturze 90°C przez 30 min. Magnetyczno$¢ otrzymanych czastek NiFe20z wy-
nosita 25 emu-g', a nanokompozytow TiOz/NiFez0s 4 emu-g’'.

Znane s3 sposoby otrzymywania fotokatalizatoréow magnetycznych o strukturze rdzen-otoczka,
ktdre jednak w wyniku bezposredniego kontaktu materiatu magnetycznego z warstwg fotokatalityczng
moga ulegac reakcjom zwigzanym z fotochemicznym tugowaniem jonéw zelaza do roztworu, w wyniku
reakcji wygenerowanych nosnikéw fadunku na powierzchni péiprzewodnika (np. TiOz) z czasteczkg
tlenu lub wody, ktére zdolne s3 do utleniania Zelaza lub innego metalu znajdujgcego sig¢ na powierzchni
czastki magnetycznej. W tym odniesieniu wytworzenie w strukturze nanokompozytu inertnej warstwy
oddzielajgcej magnetyczny rdzen od powierzchni fotokatalizatora pozwala na wielokrotne zastosowanie
otrzymanego fotokatalizatora w procesie oczyszczania $ciekéw lub plynéw technologicznych, nie zmie-
niajac jego wiasciwosci fotokatalitycznych oraz magnetycznych.

Sposob wytwarzania warstwowego fotokatalizatora magnetycznego w roztworze wodnym i/lub
alkoholowym surfaktantu anionowego korzystnie 2-etyloheksylosulfonobursztynianu sodu (AOT), i/lub
soli sodowej kwasu dodecylosiarkowego (SDS) w stezeniu od 0,01M do 10M, korzystnie od 0,02 do
0,3M polegajacy na tym, Ze sporzadza si¢ mieszaning reakcyjng, w ktdrej korzystnie w atmosferze gazu
obojetnego do wodnego i/lub alkoholowego roztworu surfaktantu anionowego, korzystnie 2-etyloheksy-
losulfonobursztynianu sodu (AOT) ilub soli sodowej kwasu dodecylosiarkowego (SDS) o stezeniu od
0,01M do 10M, korzystnie od 0,02M do 0,3M dodaje sie prekursory czastek magnetycznych, po czym
calo$¢ miesza sie, dodaje substancje podwyzszajacg pH powyzej 7 z grupy: wodorotlenki metali grupy
i Il A ukiadu okresowego pierwiastkéw, amoniak, sole amonowe, aminy, w takiej ilosci, aby pH mie-
szaniny reakcyjnej wynosito od 7 do 14, korzystnie od 8 do 10, otrzymujac czastki magnetyczne. Sposéb
otrzymywania fotokatalizatora magnetycznego w roztworze wodnym i/lub alkoholowym surfaktantu
anionowego korzystnie 2-etyloheksylosulfonobursztynianu sodu (AOT), i/lub soli sodowej kwasu dode-
cylosiarkowego (SDS) w stezeniu od 0,01M do 10M, korzystnie od 0,02 do 0,3M charakteryzuje sie tym,
Ze sporzadza sig, jak opisano powyZzej mieszaning zawierajgcq czastki magnetyczne lub do wodnego
i/lub alkoholowego roztworu surfaktantu anionowego, korzystnie 2-etyloheksylosulfonobursztynianu
sodu (AOT) i/lub soli sodowej kwasu dodecylosiarkowego (SDS) o stezeniu od 0,01M do 10M, korzyst-
nie od 0,02M do 0,3M dodaje sig czastki magnetyczne, po czym calo$¢ miesza si¢ korzystnie w atmos-
ferze gazu obojetnego. Jako czgstki magnetyczne stosuje sig¢ dowolny ferryt spinelowy, korzystnie
z grupy: MFez0: (M=Mn, Zn, Fe), CoFez.MxOs (M=Zn?*, Mn?*), y-Fe20s, dowolny ferryt heksagonainy,
korzystnie BaFe 2019, BaFei2013-MzFe«Os (M=Mn, Fe, Zn), zwigzki z grupy magnesoéw organicznych,
pyl zelazowy lub stopy metali i ich nanoczastki o wiasciwosciach magnetycznych, takie jak: Fe-Pt,
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Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, korzystnie Fe-Ni. Oddzielnie sporzadza si¢ drugg mieszanine w ten spo-
sob, ze sporzadza sie alkoholowy i/lub wodny roztwér substancji podwyzszajacej pH z grupy: wodoro-
tlenki metali grupy | i Il A uktadu okresowego pierwiastkéw, amoniak, sole amonowe, aminy, w takiej
ilosci, aby pH mieszaniny reakcyjnej wynosito od 7 do 14, korzystnie od 8 do 10, do ktdrej dodaje sig¢
skiadnik warstwy inertnej w postaci polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego, po-
lidimetylosiloksanu i/lub krzemianu sodu i/lub kopolimeru glikolu polietylowego i/lub krzemionki lub we-
gla korzystnie w postaci grafitu lub grafenu lub prekursora skiadnika warstwy inertnej, takiego jak tetra-
etyloortokrzemian (TEOS) i/lub tetrametoksysilan (TMOS), w takiej ilosci, aby stosunek molowy skiad-
nika warstwy inertnej do czastek magnetycznych wynosit od 0,01:1 do 30:1, korzystnie od 0,5:1 do 10:1,
a nastepnie dodaje sig kopolimer kationowy w ilosci od 0,01 do 30% wag., korzystnie polidimetyloami-
noepichlorohydryne i/lub polichlorek diallilodimetyloamoniowy (PDDAC) korzystnie w ilosci 5% wag.
i/lub polietylenoimine (PEI) korzystnie w ilosci od 1 do 5% wag., ilub surfaktant kationowy, po czym do
zawiesiny zawierajacej czastki magnetyczne wkrapla sie druga mieszaning i ustala sie pH powyzej 7,
korzystnie w zakresie od 8 do 10, calo$¢ miesza sig, a nastepnie sporzadza sig roztwoér trzeci surfak-
tantu anionowego, korzystnie 2-etyloheksylosulfonobursztynianu sodu (AOT) i/lub soli sodowej kwasu
dodecylosiarkowego (SDS) o stezeniu od 0,01M do 10M, korzystnie od 0,02M do 0,3M, zawierajacy
substancje z grupy kwaséw organicznych i/lub nieorganicznych w takiej ilosci, aby pH wynosito od 1 do
7, korzystnie od 3 do 6, zawierajacy czgstki fotc ityczne polprzewodnikéw z grupy: tlenek tytanu(IV)
TiO2, tlenek wolframu(VI) WOs, tienek cynku ZnO, dwutlenek cyny SnO, siarczek kadmu CdS, korzyst-
nie TiO2 korzystnie w postaci prekursora pdiprzewodnika, korzystnie tetrabutylo tytanian i/lub tetraizo-
propylo tytanian i/lub siarczan tytanylu ilub czterochlorek tytanu, w takiej ilosci, aby stosunek molowy
czastek fotokatalitycznych do czastek magnetycznych wynosit od 1:1 do 30:1, korzystnie w zakresie od
1:1 do 4:1. Czastki fotokatalityczne korzystnie modyfikuje sie powierzchniowo nanoczastkami metali
szlachetnych lub bimetali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01
do 10% molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1% molowych lub czastki
fotokatalityczne korzystnie domieszkuje si¢ niemetalem z grupy azot, siarka, bor, jod, wegiel w ilosci od
0,01 do 30% wagowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 15% wagowych lub
czastki fotokatalityczne korzystnie domieszkuje sie niemetalem z grupy azot, siarka, bor, jod, wegiel
w ilosci od 0,01 do 30% wagowych w stosunku do pélprzewodnika, korzystnie od 0,01 do 15% wago-
wych i dodatkowo modyfikuje si¢ powierzchniowo w znany sposéb nanoczastkami metali, korzystnie
platyny, miedzi, palladu, srebra, zfota, rutenu w ilosci od 0,01 do 10% molowych w stosunku do péiprze-
wodnika, korzystnie od 0,01 do 1% molowych. Nastgpnie mieszaning trzecig dodaje si¢ do mieszaniny
utworzonej z pierwszej i drugiej, utrzymujac pH ponizej 7, korzystnie w zakresie od 3 do 6, po czym po
co najmniej 10 min mieszania lub uzyskaniu dodatniej wartosci potencjatu zeta, otrzymane czastki se-
paruje si¢ za pomocg pola magnetycznego, przemywa sie woda, suszy si¢ do stalej masy, korzystnie
w temperaturze 60-90°C i kalcynuje sig w temperaturze 250-1000°C przez 0,5-5 godzin.

Sposéb wytwarzania warstwowego fotokatalizatora magnetycznego w mikroemulsji w/o lub ukia-
dzie odwréconych miceli stabilizc surfak 1 anionowym, korzystnie 2-etyloheksylosulfono-
bursztynianem sodu w stezeniu od 0, 01M do 10M korzystnie w cykloheksanie i/lub izooktanie i/lub hep-
tanie i/lub oktanie i/lub ko-surfaktantem, korzystnie izopropanolem i/lub n-butanolem i/lub heksanolem
o stezeniu od 0,1M do 10M w stosunku do fazy olejowej. W tym celu sporzadza sig pierwsza mikro-
emulsje, korzystnie w atmosferze gazu obojetnego zawierajacg czastki magnetyczne, surfaktant anio-
nowy, korzystnie 2-etyloheksylosulfonobursztynian sodu w stezeniu od 0,1M do 10M w stosunku do
fazy olejowej, i/lub ko-surfaktant, korzystnie izopropanol i/lub n-butanol iflub heksanol o stezeniu od
0,1M do 10M w stosunku do fazy olejowej, ciekie weglowodory, korzystnie cykloheksan i/lub izooktan
ilub heptan i/lub oktan. Jako czastki magnetyczne stosuje sie dowolny ferryt spinelowy, korzystnie
z grupy: MFez0:s (M=Mn, Zn, Fe), CoFez.MxOs (M=Zn?*, Mn?), y-Fe20s, dowolny ferryt heksagonalny,
korzystnie BaFei201s, BaFei2019-M2Fe:Os (M=Mn, Fe, Zn), zwiazki z grupy magneséw organicznych,
pyl Zelazowy lub stopy metali i ich nanoczastki o wilasciwosciach magnetycznych, takie jak: Fe-Pt,
Co-Pt, Fe-Ni, Fe-Co, Ni-CeO2, korzystnie Fe-Ni. Oddzielnie sporzadza si¢ druga mikroemulsje w/o za-
wierajgcg surfaktant anionowy, korzystnie 2-etyloheksylosulfonobursztynian sodu w stezeniu od 0,1M
do 10M w stosunku do fazy olejowej, i/lub ko-surfaktant, korzystnie izopropanol /lub n-butanol i/lub
heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej, ciekle weglowodory, korzystnie cy-
kloheksan i/lub izooktan i/lub heptan i/lub oktan, do ktérej wprowadza si¢ skiadnik warstwy inertnej
w postaci polimeru poli(N-izopropyloakryloamidu) glikolu polietylenowego lub polidimetylosiloksanu i/lub
krzemianu sodu i/lub krzemionki lub wegla lub grafitu lub grafenu lub prekursora skiadnika warstwy
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inertnej, takiego jak tetraetyloortokrzemian (TEOS) i/lub tetrametoksysilan (TMOS), w iloéci takiej, aby
stosunek molowy skiadnika warstwy inertnej do czastek magnetycznych wynosit od 0,01:1 do 20:1,
korzystnie od 1:1 do 10:1, a nastepnie dodaje si¢ w fazie wodnej substancje podwyzszajacg pH z grupy:
amoniak ilub sole amonowe i/lub aminy i/lub wodorotlenek metalu z | i Il grupy uktadu okresowego
pierwiastkéw, tak aby pH wynosito od 7 do 14, korzystnie od 8 do 12, po czym caly czas mieszajgc
wprowadza sig kopolimer kationowy, korzystnie polidimetyloaminoepichlorohydryne w ilosci od 0,01 do
30% wag., polichlorek diallilodimetyloamoniowy (PDDAC) w ilosci od 0,1 do 20% wag., korzystnie 0,5%
wag. i/lub polietylenoiminy (PEI) w ilosci od 0,01 do 20% wag., korzystnie od 1 do 5% wag., po czym
druga mikroemulsje dodaje sig do pierwszej i miesza sig utrzymujgc pH w zakresie od 7 do 14 korzystnie
od 8 do 12, sporzadza sie trzecig mikroemulsje w/o zawierajgcg surfaktant anionowy, korzystnie
2-etyloheksylosulfonobursztynian sodu (AOT) w stezeniu od 0,1M do 10M, korzystnie w cykloheksanie
i/lub izooktanie, i/lub heptanie, i/lub oktanie, i/lub ko-surfaktant, korzystnie izopropanol /lub n-butanol
ilub heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowej, w fazie wodnej zawierajaca
substancje z grupy kwaséw organicznych i/lub nieorganicznych w takiej ilosci, aby pH wynosito od 1 do
7, korzystnie od 3 do 6, ierajacy czastki fotc lityczne pdiprzewodnikéw z grupy: tienek tytanu
(IV) TiO2, tienek wolframu (VI) WOs, tlenek cynku ZnO, dwutlenek cyny SnO, siarczek kadmu CdS,
korzystnie TiO2 korzystnie w postaci prekursora péiprzewodnika, korzystnie tetrabutylo tytanian i/lub
tetraizopropylo tytanian i/lub siarczan tytanylu ilub czterochlorek tytanu, w takiej ilosci, aby stosunek
molowy czgstek fotokatalitycznych do czgstek magnetycznych wynosit od 1:1 do 30:1, korzystnie
w zakresie od 1:1 do 4:1. Czastki fotokatalityczne korzystnie modyfikuje sie powierzchniowo nanoczast-
kami metali szlachetnych lub bimetali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu
w ilosci od 0,01 do 10% molowych w stosunku do pdiprzewodnika, korzystnie od 0,01 do 1% molowych
lub czastki fotokatalityczne korzystnie domieszkuje sie niemetalem z grupy azot, siarka, bor, jod, wegiel
w ilosci od 0,01 do 30% wagowych w stosunku do pélprzewodnika, korzystnie od 0,01 do 15% wago-
wych lub czastki fotokatalityczne korzystnie domieszkuje sig niemetalem z grupy azot, siarka, bor, jod,
wegiel w ilosci od 0,01 do 30% wagowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 15%
wagowych i dodatkowo modyfikuje sie powierzchniowo w znany sposéb nanoczastkami metali, korzyst-
nie platyny, miedzi, palladu, srebra, zlota, rutenu w ilosci od 0,01 do 10% molowych w stosunku do
polprzewodnika, korzystnie od 0,01 do 1% molowych. Nastepnie mieszamy trzecig mikroemulsje z mi-
kroemulsjg utworzong z pierwszej i drugiej mikroemulsji, a nastepnie po co najmniej 10 min mieszania
lub uzyskaniu dodatniej wartosci potencjalu zeta, otrzymane czastki fotokatalizatora magnetycznego
separuje sie za pomocg pola magnetycznego, przemywa si¢ wodg, suszy si¢ do stalej masy i kalcynuje
sie w temperaturze 250-1000°C przez 0,5-5 godzin.

Sposéb wediug wynalazku charakteryzuje sie tym, Ze otrzymany nanokompozyt moze wykazy-
wac aktywnos¢ w zakresie UV i Vis w wyniku domieszkowania struktury objgtosciowej péiprzewodnika
za pomocg zwigzkéw niemetali, korzystnie z grupy: mocznik, ilub tiomocznik, ilub hydrazyna, ilub
amoniak, i/lub kwas jodowy, i/lub jodek potasu, i/lub fluorowodér i/lub jonéw metali, korzystnie zwigzkow
niklu, i/lub kobaltu, ilub Zelaza, i/lub cynku, i/lub rutenu, ilub wolframu, iflub miedzi, lub modyfikacji
powierzchni za pomocg nanoczastek metali szlachetnych, korzystnie platyny, i/lub palladu, ilub ziota,
i/lub srebra oraz nanoczastek metali grup przejsciowych, korzystnie miedzi, i/lub rutenu, i/lub cyrkonu,
i/lub rodu, i/lub wanadu. W tym celu do mieszaniny reakcyjnej przed dodaniem czastek fotokatalizatora
z grupy: TiO2, WOs, ZnO, SnOz, CdS, i/lub prekursora péiprzewodnika, korzystnie tetrabutylo tytanianu,
i/lub tetraizopropylo tytanianu, ilub siarczan tytanylu, i/lub czterochlorek tytanu wprowadza sig prekur-
sor nanoczastek metalu i/lub prekursor niemetali z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01
do 30% wagowych w stosunku do TiOz, korzystnie od 0,01 do 15% wagowych i/lub prekursor czastek
platyny, miedzi, palladu w ilosci od 0,01 do 10% molowych w stosunku do TiO2, korzystnie od 0,01 do
1% molowych, korzystnie otrzymujgc strukture warstwy fotokatalitycznej 1-TiOz, N-TiOz, S-TiOz,
1,C-TiOz, B-TiOz, PYI-TiOz2, PUN-TIO2, Pd/-I-TiOz, Pd/N-TiOz, Cu/l-TiOz, Cu/N-TiOz, Pt-Cu-TiOz, Pt-Pd-
TiOz, Pd-Cu-TiOz2, Au-Pt-TiOz, Au-Pd-TiOz, Ag-Pt-TiO2, Ag-Cu-TiO2 stosujac metoda mikroemulsyjna,
zol-zel lub hydrotermalna.

W wariancie realizacji wynalazku modyfikacje powierzchniowg nanoczastkami metalu szlachet-
nego, iflub jonami metali i/lub domieszkowanie niemetalem pdiprzewodnika z grupy: TiOz, WOs, ZnO,
SnO2, CdS, illub prekursora péiprzewodnika przeprowadza sig w mieszaninie reakcyjnej zawierajacej
czastki magnetyczne pokryte inertng warstwag. W tym celu do mieszaniny reakcyjnej zawierajacej czastki
magnetyczne pokryte warstwg inertng dodaje sie prekursor péliprzewodnika i/lub nanoczastki polprze-
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wodnika oraz roztwory kwasdw i/lub soli metali i/lub niemetali tak, aby stosunek domieszki do pdiprze-
wodnika wynosit od 0,01 do 30% wag. Modyfikacje czastkami metali korzystnie prowadzi si¢ poprzez
redukcje chemiczng za pomocg mocnego reduktora, korzystnie borowodorku sodu lub redukcje ter-
miczng w temperaturze od 300 do 1000°C.

Dzigki wykorzystaniu sposobu wedlug wynalazku otrzymuije sig¢ fotokatalizator magnetyczny wie-
lowarstwowy w jednym ukladzie, bez konieczno$ci separacji poszczegdlnych jego komponentow. Otrzy-
mane wedlug sposobu opisanego w wynalazku fotokatalizatory magnetyczne mozna odseparowac
z fazy wodnej po przylozeniu gradientu pola magnetycznego. Petle histerezy dla wybranych fotokatali-
zatorébw magnetycznych wskazuja, ze nanokompozyty sq superparamagnetyczne oraz charakteryzujg
sie wysokim momentem magnetycznym wynoszacym od 15 do 60 emu-g"'. Otrzymane fotokatalizatory
magnetyczne wykazuja wysoka efektywnos¢ degradacji zwigzkéw organicznych np. fenolu, w tym réw-
niez zwigzkéw niepodatnych na rozkiad biologiczny, obecnych w $ciekach farmaceutycznych takich jak:
etodolak, karbamazepina, hydrochlorotiazyd oraz zanieczyszczen obecnych w plynie technologicznym
po wydobyciu weglowodoréw niekonwencjonalnych. Charakterystyke wiasciwosci magnetycznych i fo-
tokatalitycznych wybranych nanokompozytéw otrzymanych weditug sposobu wykonania oméwionego
w niniejszym wynalazku oraz szczegdlowy opis wykonania przedstawiono w przykiadach i na rysunku,
na ktérym fig. 1 przedstawia zmiane potencjalu zeta w funkcji pH dla czastek magnetycznych FesOs,
SiO2 i TiO:2 fig. 2 przedstawia wykresy histerezy magnetycznej dla fotokatalizatora magnetycznego
TiO2/SiO2/FesOe.

Przyktad 1

Sposéb otrzymywania fotokatalizatora magnetycznego Pt-Pd/TiO2/SiOz/FesOs
w mikroemulsji w/o aktywnego w zakresie promieniowania UV i Vis

Do 100 cm® 0,2M AOT w oktanie dodaje sig roztwdr wodny zawierajacy FeSOs-7Hz0 i FeCls
w stosunku molowym Fe®* do Fe?* wynoszacym 2:1. Calo$¢ miesza sig 30 min w atmosferze gazu
obojetnego, azotu. Do pierwszej mikroemulsji dodaje sie drugg mikroemulsje, zawierajgcg amoniak jako
odczynnik stracajacy i substancje podwyzszajaca pH do 10. Wspoiczynnik R okreslajacy stosunek ilosci
wody do surfaktantu wynosi 4, a stosunek molowy Fe®*:Fe?:OH wynosi 2:1:10. Nastepnie otrzymuje
sie trzecig mikroemulsje dodajac do 50 cm® 0,2M AOT w oktanie wody amoniakalnej oraz prekursor
czastek SiO2 TEOS. Stosunek molowy TEOS do FesOs wynosi 10:1. Do mikroemulsji trzeciej dodaje
sie 0,75 cm? roztworu wodnego 50% polietylenoiminy (PEI), po czym trzecig mikroemulsje dodaje sie
do mikroemulsji w/o powstalej z polaczenia mikroemulsji pierwszej i drugiej, utrzymujac pH w zakresie
9-9,5. Nastepnie sporzadza sie mikroemulsje czwartg 0,2M AOT w oktanie zawierajgcg w fazie zdy-
spergowanej 0,1M kwas solny, do ktérej wkrapla sig¢ prekursor TiO2 tetrachlorotytanian tak, aby stosu-
nek molowy TiO2 do FesOs wynosit 2:1. Po 30 min mieszania dodaje sig¢ 0,5 cm® HzPtCls i 0,5 cm® PdCl2
tak, aby zawartos¢ platyny do TiO2 wynosita 0,05% molowych, a zawarto$¢ palladu do TiO2 wynosita
0,5% molowych. Do mikroemulsji zawierajacej czastki magnetyczne impregnowane krzemionka (mikro-
emulsja powstala po polaczeniu 3 i mieszaniny 1 i 2) wprowadza si¢ mikroemulsje czwartg zawierajacq
substancje korygujaca pH oraz czastki fotokatalityczne. Wartos¢ pH ukiadu koloidalnego po polaczeniu
mikroemulsji utrzymuje sie w zakresie od 5,5 do 6, a potencjal zeta czastek wynosi +45 mV. Otrzymang
zawiesing fotokatalizatora magnetycznego aktywnego w zakresie promieniowania widzialnego, sepa-
ruje si¢ w znany sposob, suszy sie w temperaturze 80°C i kalcynuje w temperaturze 400°C przez 1 h.
Wiasciwosci fotokatalityczne zbadano w reakcji degradacii fenolu oraz pirydyny. Stwierdzono, ze w wy-
niku naswi ia promienic iem z zakresu UV-Vis w czasie 1 h degradacji uleglo odpowiednio 100%
fenolu oraz 80% pirydyny, a stopien mineralizacji fenolu i pirydyny wynosit odpowiednio 95% oraz 69%.
Magnetyczno$¢ nanokompozytu Pt-Pd/TiO2/SiO2/FesOs wynosita 34 emu-g'.

Przyktad 2

Sposéb otrzymywania fotokatalizatora magnetycznego B-TiO2/SiOz/BaFe1201s w mikroemulsji w/o,
charakteryzujgcego sig aktywnoscig w zakresie Vis

Do 100 cm® 0,3M AOT w cykloheksanie dodaje sig czastki BaFei201s o wielkosci 50 nm. Wspol-
czynnik R okreslajacy stosunek ilosci wody do surfaktantu wynosi 5. Nastepnie otrzymuje sie oddzielnie
mikroemulsje zawierajgca 0,3M AOT w cykloheksanie oraz 2,7 cm? wodorotlenku sodu tak, aby pH fazy
wodnej mikroemulsji wynosito 10, dodaje sie prekursor czastek SiO2 TEOS. Stosunek molowy TEOS
do FesOs wynosi 12:1. Po 2 h mieszania dodaje sie 1,8 cm?® 35% wodnego roztworu polichlorku diallilo-
dimetyloamoniowego (PDDA). Mikroemulsje druga miesza sie z mikroemulsjg pierwsza zawierajaca
czastki magnetyczne. Nastepnie sporzadza si¢ mikroemulsje trzecia 0,3M AOT w cykloheksanie zawie-
rajaca w fazie zdyspergowanej 0,1 cm? kwasu azotowego oraz 0,5 cm?® H:BOs, do ktdrej wprowadza sie
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czastki TiO> tak, aby stosunek molowy TiO2 do BaFe:201s wynosit 3:1, a zawarto$¢ boru wynosita
2% wag. w stosunku do TiOz. Mikroemulsje trzecia dodaje si¢ do koloidu czastek magnetycznych im-
pregnowanych krzemionkg. Otrzymang zawiesing fotokatalizatora B-TiO2/SiO2/BaFei201s aktywnego
w zakresie promieniowania widzialnego, separuje sig i suszy w znany sposéb oraz kalcynuje w tempe-
raturze 400°C przez 1 h. Wiasciwosci fotokatalityczne zbadano w reakcji degradacii fenolu. Stwier-
dzono, ze w wyniku naswietlania promienic iem z zakresu Vis (A>420 nm) 0,2 mM roztworu wodnego
fenolu ierajgcego 1 g fotc izatora, w czasie 1 h degradaciji uleglo 62% fenolu. Magnetycznos¢
nanokompozytu B-TiO2/SiO2/BaFe:201s wynosita 46 emu-g-'.
Przyktad 3
Sposéb otrzymy ia fotc lizatora tycznego Pd-TiOz/SiO2/Fes0a
aktywnego w zakresie promieniowania UV i Vis
Do 0,01M dodecylosiarczanu sodu (SDS) dodaje si¢ roztwér wodny zawierajacy FeSOa4 7H20
i FeCls w stosunku molowym Fe®* do Fe?* wynoszacym 2:1. Calo$¢ miesza sie 30 min w atmosferze
gazu obojetnego, azotu i dodaje si¢ wode amoniakalng do pH 12, tworzac mieszanine pierwsza zawie-
rajaca czastki magnetyczne. Nastepnie sporzadza sie 20% roztwér wodny polietylenoiminy (PEI) (mie-
szanina druga), do ktérej dodaje sie prekursor czastek SiOz TEOS i wode amoniakalng do pH 11. Sto-
sunek molowy TEOS do FesOs wynosi 7:1, a stosunek wagowy PEI do FesOs wynosi 0,1% wag. Na-
stepnie miesza si¢ ze sobg mieszaning pierwsza i druga, otrzymujac zawiesing czastek magnetycznych
impregnowanych krzemionkg. Oddzielnie sporzadza si¢ mieszanine trzecia, zawierajacg 0,01M roztwor
SDS, do ktérego wprowadza sie kwas octowy i dodaje sie do 50 cm? alkoholu etylowego zawierajacego
tetraizopropylo tytanian tak, aby stosunek molowy TiO2 do FesO: wynosit 6:1. Nastepnie do ukiadu za-
wierajgcego czastki magnetyczne pokryte warstwa inertng wprowadza sig mieszanine trzecia, korygujac
pH w zakresie od 4,5 do 5,5 za pomocg kwasu octowego. Po 30 min mieszania dodaje si¢ 0,5 cm?
PdCl2 tak, aby zawarto$¢ palladu do TiOz wynosita 0,2% molowych. Otrzymang zawiesing fotokataliza-
tora aktywnego w zakresie promieniowania widzialnego, separuje si¢ w znany sposob, suszy sie
w temperaturze 80°C i kalcynuje w temperaturze 400°C przez 1 h. Wiasciwosci fotokatalityczne zba-
dano w reakcji degradacii fenolu oraz karbamazepiny. Stwierdzono, ze w wyniku naswietlania promie-
niowaniem z zakresu UV-Vis w czasie 1 h degradaciji uleglo odpowiednio 100% fenolu oraz 85% karba-
mazepiny, a stopiefi mineralizacji fenolu i pirydyny wynosit odpowiednio 95% oraz 83%. Magnetycznos$¢
nanokompozytu Pd-TiO2/SiOz/FesO« wynosita 26 emu-g''.
Przyktad 4
Sposob otrzymywania fotokatalizatora magnetycznego Pd/I-TiO2/SiO2/FesOa
aktywnego w zakresie promieniowania Vis
Do 0,05M lauryloeterosiarczanu sodu wprowadza si¢ zdyspergowane w wodzie czastki magne-
tytu (FesOs4) o wielkosci 10 nm. Nastepnie sporzadza si¢ mieszaning drugg zawierajacg 30% roztwor
wodny polidimetyloaminoepichlorohydryny, do ktérego dodaje sig prekursor czgstek SiO2 TEOS, kory-
gujac pH do wartosci 10 za pomocg wody amoniakalnej. Stosunek molowy TEOS do FesOs wynosi 4:1,
a stosunek wagowy polidimetyloaminoepichlorohydryny do FesOs wynosi 0,5% wag. Mieszaning drugg
dodaje sig do pierwszej otrzymujac czastki magnetyczne impregnowane krzemionka. Oddzielnie spo-
rzadza sig mit nine trzecia, ierajacg 0,05M roztwor lauryloeterosiarczanu sodu i kwasu azoto-
wego (pH 2), ktéry wprowadza sig do tetraizopropylo tytanianu, dodaje sie kwas jodowy tak, aby stosu-
nek molowy TiO2 do HIOs wynosit 10:1 i ustala warto$¢ pH w zakresie od 4,5 do 5,5. Po 30 min miesza-
nia dodaje sie 0,5 cm?® PdClz tak, aby zawarto$¢ palladu do TiOz wynosita 0,5% molowych. Nastepnie
do ukladu zawierajacego czastki magnetyczne pokryte warstwa inertng wprowadza si¢ mieszanine trze-
cia. Otrzymana zawiesing fotokatalizatora aktywnego w zakresie promieniowania widzialnego, separuje
sie w znany sposob, suszy si¢ w temperaturze 80°C i kalcynuje w temperaturze 400°C przez 1 h. Wia-
$ciwosci fotokatalityczne zbadano w reakcji degradaciji fenolu i hydrochlorotiazydu. Stwierdzono, ze
w wyniku naswietlania promieniowaniem z zakresu Vis (2<400 nm) w czasie 30 min naswietlania de-
gradacji ulega 100% fenolu oraz 80% kwasu benzoesowego, a magnetyczno$¢ nanokompozytu
Pd/I-TiO2/SiO2/FesO: wynosi 46 emu-g'.
Przyktad 5
Sposéb otrzymywania fotokatalizatora magnetycznego Pd/i-TiO2/SiOz/Fe-Ni
aktywnego w zakresie promieniowania Vis
Postepuje sie jak w przykiadzie 4, przy czym jako czastki magnetyczne dodaje sie nanoczastki
Fe-Ni o wielkosci 10 nm tak, aby stosunek molowy TiOz do Fe-Ni wynosit 0,5:1, a stosunek molowy
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TEOS do Fe-Ni wynosi 1:1. Efektywno$¢ degradacji fenolu wynosita 100% w trakcie 30 min naswietla-
nia, a magnetyzacja 67 emu/g.

Przyktad 6

Sposéb otrzymywania fotokatalizatora magnetycznego Cu-TiO2/SiOz/FesOs
aktywnego w zakresie promieniowania Vis

Do 0,01M dodecylosiarczanu sodu (SDS) dodaje sig roztwoér wodny zawierajacy FeSOs 7H20
i FeCls w stosunku molowym Fe** do Fe®* wynoszacym 2:1. Calo$¢ miesza sie¢ 30 min w atmosferze
gazu obojetnego, azotu i dodaje sie wode amoniakalng do pH 10. Nastgpnie otrzymuije sie mieszaning
druga zawierajacg 0,02M roztwér wodny chlorku dodecylotrimetyloamoniowego (DTAC), do ktérej do-
daje sie prekursor czastek SiOz TEOS w pH zasadowym, korygowanym 1M NaOH do wartosci 9. Sto-
sunek molowy TEOS do FesOs wynosi 6:1. Nastepnie mieszanine druga zawierajaca czastki krzemionki
dodaje si¢ do mieszaniny pierwszej zawierajgcej czastki magnetyczne. Oddzielnie sporzadza sie mie-
szanineg trzecig zawierajacg 0,01M roztwor SDS, do ktérego wprowadza sie kwas azotowy i dodaje sie
do 50 cm?® alkoholu etylowego zawierajacego tetraizopropylo tytanian tak, aby stosunek molowy TiOz
do FesOs wynosit 1:1, a pH wynosilo 3. Po 30 min mieszania do mieszaniny trzeciej dodaje sie Cu(NOs)2
tak, aby zawarto$¢ miedzi do TiO2 wynosita 0,1% molowych. Otrzymang zawiesing fotokatalizatora
(mieszaning trzecig) dodaje si¢ do zawiesiny czgstek magnetycznych impregnowanych krzemionka,
ustalajac warto$¢ pH 5. Zawiesing fotokatalizatora magnetycznego aktywnego w zakresie promienio-
wania widzialnego, separuje si¢ w znany sposob, suszy sie do statej masy i kalcynuje w temperaturze
400°C przez 1 h. Wiasciwosci fotokatalityczne zbadano w reakcji degradacii fenolu oraz karbamazepiny.
Stwierdzono, ze w wyniku ietlania promienic iem z zakresu Vis w czasie 1 h degradaciji uleglo
odpowiednio 69% fenolu oraz 58% karbamazepiny, a stopien mineralizacji fenolu i pirydyny wynosit
odpowiednio 54% oraz 49%. Magnetyczno$¢ nanokompozytu Cu-TiO2/SiOz/FesOs wynosita 16 emu-g'.

Przyktad 7

Sposéb otrzymywania fotokatalizatora magnetycznego Cu-TiO2/SiOz/FesOs
aktywnego w zakresie promieniowania Vis

Do 0,01M dodecylosiarczanu sodu (SDS) dodaje sig roztwor wodny zawierajacy FesOa-7H20
i FeCls w stosunku molowym Fe®** do Fe?* wynoszacym 2:1. Calo$¢ miesza sie 30 min w atmosferze
gazu obojetnego, azotu i dodaje si¢ wode amoniakalng do pH 10. Nastepnie wprowadza sie 0,02M
chlorku dodecylotrimetyloamoniowego (DTAC) oraz dodaje sig prekursor czastek SiO2 TEOS w pH za-
sadowym, korygowanym 1M NaOH do pH 9. Stosunek molowy TEOS do FesOs wynosi 6:1. Nastepnie

i ine druga zawierajacy czastki krzemionki dodaje sie do mieszaniny pierwszej zawierajgcej

czastki magnetyczne. Oddzielnie sporzadza sie 0,01M roztwdr SDS, do ktérego wprowadza sie kwas
azotowy i dodaje sie do 50 cm?® alkoholu etylowego zawierajgcego tetraizopropylo tytanian tak, aby
stosunek molowy TiO2 do FesOs wynosit 1:1. Nastepnie do ukladu zawierajacego czastki magnetyczne
pokryte warstwg inertng wprowadza sie koloid TiOz, korygujac pH w zakresie od 3,5 do 4. Po 30 min
mieszania dodaje si¢ Cu(NOa)2 tak, aby zawarto$¢ miedzi do TiO2 wynosita 0,1% molowych. Otrzymana
zawiesing fotokatalizatora aktywnego w zakresie promieniowania widzialnego, separuje si¢ w znany
sposob, suszy sie do stalej masy i kalcynuje w temperaturze 400°C przez 1 h. Wiasciwosci fotokatali-
tyczne zbadano w reakcji degradaciji fenolu oraz karbamazepiny. Stwierdzono, ze w wyniku naswietlania
promieniowaniem z zakresu Vis w czasie 1 h degradacji uleglo odpowiednio 69% fenolu oraz 58% kar-
bamazepiny, a stopien mineralizacji fenolu i pirydyny wynosit odpowiednio 54% oraz 49%. Magnetycz-
nos$¢ nanokompozytu Cu-TiO2/SiOz/FesOs wynosita 16 emu-g'.

Zastrzezenia patentowe

1. Sposob otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokét czastki magnetycznej, ktérg nastepnie pokrywa sie czastkami foto-
katalitycznymi, znamienny tym, Zze w atmosferze gazu obojetnego lub tlenku wegla(IV) spo-
rzadza sig, caly czas mieszajgc, mieszaning reakcyjng, w ktorej korzystnie w atmosferze gazu
obojetnego do wodnego i/lub alkoholowego roztworu surfaktantu anionowego, korzystnie
2-etyloheksylosulfonobursztynianu sodu (AOT) i/lub soli sodowej kwasu dodecylosiarkowego
(SDS) o stezeniu od 0,01M do 10M, korzystnie od 0,02M do 0,3M dodaje sie czgstki magne-
tyczne, po czym calo$¢ miesza sig, a nastepnie sporzadza sig drugg mieszaning w ten spo-
sob, ze sporzadza sig alkoholowy i/lub wodny roztwér substanciji podwyzszajacej pH z grupy:
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wodorotienki metali grupy | i Il A ukladu okresowego pierwiastkéw, amoniak, sole amonowe,
aminy, w takiej ilosci, aby pH mieszaniny reakcyjnej wynosilo od 7 do 14, korzystnie od 8 do
10, do ktérej dodaje sie skiadnik warstwy inertnej w postaci polimeru poli(N-izopropyloakrylo-
amidu), glikolu polietylenowego, polidimetylosiloksanu i/lub krzemianu sodu /lub kopolimeru
glikolu polietylowego i/lub krzemionki lub wegla korzystnie w postaci grafitu lub grafenu lub
prekursora skiadnika warstwy inertnej, takiego jak tetraetyloortokrzemian (TEOS) i/lub tetra-
metoksysilan (TMOS), w takiej ilosci, aby stosunek molowy skfadnika warstwy inertnej do cza-
stek magnetycznych wynosit od 0,01:1 do 30:1, korzystnie od 0,5:1 do 10:1, a nastepnie caly
czas mieszajac dodaje si¢ kopolimer kationowy w ilosci od 0,01 do 30% wag., korzystnie po-
lidimetyloaminoepichlorohydryne illub polichlorek diallilodimetyloamoniowy (PDDAC) korzyst-
nie w ilosci 5% wag. ilub polietylenoiming (PEI) korzystnie w ilosci od 1 do 5% wag., ilub
surfaktant kationowy, po czym do zawiesiny zawierajgcej czastki magnetyczne wkrapla sig¢
druga mieszaning i ustala sie pH powyzej 7, korzystnie w zakresie od 8 do 10, calo$¢ miesza
sie, a nastgpnie sporzadza sie roztwor trzeci surfaktantu anionowego, korzystnie 2-etylohek-
sylosulfonobursztynianu sodu (AOT) i/lub soli sodowej kwasu dodecylosiarkowego (SDS)
o stezeniu od 0,01M do 10M, korzystnie od 0,02M do 0,3M, zawierajacy substancje z grupy
kwasow organicznych i/lub nieorganicznych w takiej ilosci, aby pH wynosito od 1 do 7, korzyst-
nie od 3 do 6, ierajacy czastki fotokatalityczne pdiprzewodnikéw z grupy: tlenek tytanu(IV)
TiOz, tienek wolframu(VI) WOs, tlenek cynku ZnO, dwutlenek cyny SnOy, siarczek kadmu CdS,
korzystnie TiO2 korzystnie w postaci prekursora potprzewodnika, korzystnie tetrabutylo tyta-
nian i/lub tetraizopropylo tytanian i/lub siarczan tytanylu i/lub czterochlorek tytanu, w takiej
ilosci, aby stosunek molowy czastek fotokatalitycznych do czastek magnetycznych wynosit od
1:1 do 30:1, korzystnie w zakresie od 1:1 do 4:1, po czym mieszaning trzecig dodaje sig¢ do
mieszaniny utworzonej z pierwszej i drugiej, utrzymujac pH ponizej 7, korzystnie w zakresie
od 3 do 6, po czym po co najmniej 10 min mieszania lub uzyskaniu dodatniej wartosci poten-
cjalu zeta, otrzymane czastki separuje si¢ za pomocg pola magnetycznego, przemywa sig
woda, suszy sie do stalej masy, korzystnie w temperaturze 60-90°C i kalcynuje sie w tempe-
raturze 250-1000°C przez 0,5-5 godzin.

2. Sposéb wedlug zastrz. 1, ienny tym, Zze w mi inie 2 iast kopolimeru kationo-
wego dodaje sie surfaktant kationowy, korzystnie bromek heksadecetylo-trimetyloamoniowy
(CTAB) i/lub chlorek heksadecylo-trimetyloamoniowy (CTAC), bromek tetradecylotrimetyloa-
moniowy (HAB) i/lub chlorek dodecylotrimetyloamoniowy (DTAC) i/lub bromek heksadecylo-
pirydyniowy (CPB) o stezeniu od 0,01M do 3M, korzystnie od 0,02M do 0,5M.

3. Sposdb wedlug zastrz. 1, znamienny tym, Ze jako czastki magnetyczne stosuje si¢ dowolny
ferryt spinelowy, korzystnie z grupy: MFe20: (M=Mn, Zn, Fe), CoFe2M«Os (M=Zn?*, Mn?*),
y-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFe:201s, BaFe2015-MzFesOs (M=Mn,
Fe, Zn), zwiazki z grupy magneséw organicznych, pyt zelazowy lub stopy metali i ich nano-
czastki o wiasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, ko-
rzystnie Fe-Ni.

4. Sposob wedlug zastrz. 1, znamienny tym, Ze jako czastki fotokatalityczne stosuje sig czastki
fotokatalityczne zmodyfikowane powierzchniowo nanoczastkami metali szlachetnych lub bi-
metali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10%
molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1% molowych.

5. Sposob wedlug zastrz. 1, znamienny tym, Ze czastki fotokatalityczne domieszkuje sig¢ nieme-
talem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do
polprzewodnika, korzystnie od 0,01 do 15% wagowych.

6. Sposdb wedlug zastrz. 5, znamienny tym, Ze czastki fotokatalityczne dodatkowo modyfikuje
sig powierzchniowo w znany sposob nanoczgstkami metali korzystnie platyny, miedzi, palladu
w ilosci od 0,01 do 10% molowych w stosunku do potprzewodnika, korzystnie od 0,01 do 1%
molowych.

7. Sposob otrzymywania warstwowego fotokatalizatora magnetycznego polegajacy na utworze-
niu inertnej warstwy wokdt czastki magnetycznej, ktérg nastepnie pokrywa sig czgstkami foto-
katalitycznymi, znamienny tym, Ze sporzadza sie pierwsza mikroemulsje korzystnie w atmos-
ferze gazu obojetnego, zawierajaca czastki magnetyczne, surfaktant anionowy, korzystnie
2-etyloheksylosulfonobursztynian sodu w stezeniu od 0,1M do 10M w stosunku do fazy olejo-
wej, ciekle weglowodory, korzystnie cykloheksan ilub izooktan i/lub heptan i/lub oktan, przy
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czym oddzielnie sporzadza sie drugg mikroemulsje w/o zawierajacg surfaktant anionowy, ko-
rzystnie 2-etyloheksylosulfonobursztynian sodu w stezeniu od 0,1M do 10M w stosunku do
fazy olejowej, ciekte weglowodory, korzystnie cykloheksan i/lub izooktan i/lub heptan i/lub ok-
tan, do ktérej wprowadza sie skladnik warstwy inertnej w postaci polimeru poli(N-izopropylo-
akryloamidu) glikolu polietylenowego lub polidimetylosiloksanu i/lub krzemianu sodu i/lub krze-
mionki lub wegla lub grafitu lub grafenu lub prekursora sktadnika warstwy inertnej, takiego jak
tetraetyloortokrzemian (TEOS) i/lub tetrametoksysilan (TMOS), w ilosci takiej, aby stosunek
molowy skiadnika warstwy inertnej do czastek magnetycznych wynosit od 0,01:1 do 20:1, ko-
rzystnie od 1:1 do 10:1, dodaje si¢ w fazie wodnej substancje podwyzszajacg pH z grupy:
amoniak i/lub sole amonowe i/lub aminy i/lub wodorotlenek metalu z | i Il grupy ukiadu okre-
sowego pierwiastkéw, tak aby pH wynosito od 7 do 14, korzystnie od 8 do 12, po czym caly
czas mieszajgc wprowadza sig kopolimer kationowy, korzystnie polidimetyloaminoepichloro-
hydryne w ilosci od 0,01 do 30% wag., polichlorek diallilodimetyloamoniowy (PDDAC) w ilosci
od 0,1 do 20% wag., korzystnie 0,5% wag. i/lub polietylenoiminy (PEI) w ilosci od 0,01 do 20%
wag., korzystnie od 1 do 5% wag., po czym druga mikroemulsje dodaje si¢ do pierwszej
i miesza sig utrzymujgc pH w zakresie od 7 do 14 korzystnie od 8 do 12, sporzadza sie trzecig
mikroemulsje w/o zawierajacg surfaktant anionowy, korzystnie 2-etyloheksylosulfonoburszty-
nian sodu (AOT) w stezeniu od 0,1M do 10M, korzystnie w cykloheksanie i/lub izooktanie, i/lub
heptanie, /lub oktanie, w fazie wodnej zawierajaca substancjg z grupy kwaséw organicznych
ilub nieorganicznych w takiej ilosci, aby pH wynosilo od 1 do 7, korzystnie od 3 do 6, zawie-
rajacg czastki fotokatalityczne polprzewodnikéw z grupy: tlenek tytanu(1V) TiOz, tlenek wol-
framu(Vl) WOs, tlenek cynku ZnO, dwutlenek cyny SnO2, siarczek kadmu CdS, korzystnie
TiO2 korzystnie w postaci prekursora pétprzewodnika, korzystnie tetrabutylo tytanian i/lub te-
traizopropylo tytanian i/lub siarczan tytanylu /lub czterochlorek tytanu, w takiej ilosci, aby sto-
sunek molowy czastek fotokatalitycznych do czgstek magnetycznych wynosit od 1:1 do 30:1,
korzystnie w zakresie od 1:1 do 4:1, po czym mieszamy trzeciq mikroemulsje z mikroemulsjg
utworzong z pierwszej i drugiej mikroemulsji, a nastepnie po co najmniej 10 min mieszania lub
uzyskaniu dodatniej wartosci potencjalu zeta, otrzymane czastki separuje si¢ za pomocg pola
magnetycznego, przemywa si¢ wodg, suszy si¢ do statej masy i kalcynuje si¢ w temperaturze
250-1000°C przez 0,5-5 godzin.

. Sposob wedlug zastrz. 7, znamienny tym, Ze jako czastki magnetyczne stosuje si¢ dowolny

ferryt spinelowy, korzystnie z grupy: MFe20s (M=Mn, Zn, Fe), CoFezxMxOs (M=Zn?*, Mn?),
v-Fe20s, dowolny ferryt heksagonalny, korzystnie BaFe:201s, BaFei201s-M2Fe«Os (M=Mn,
Fe, Zn), zwiazki z grupy magneséw organicznych, pyt Zelazowy lub stopy metali i ich nano-
czastki o wlasciwosciach magnetycznych, takie jak: Fe-Pt, Co-Pt, Fe-Ni, Fe-Co, Ni-CeOz, ko-
rzystnie Fe-Ni.

. Sposob wedlug zastrz. 7, znamienny tym, Ze do pierwszej mikroemulsji i/lub do drugiej mi-

kroemulsji i/lub do trzeciej mikroemulsji dodaje sig ko-surfaktant, korzystnie izopropanol i/lub
n-butanol i/lub heksanol o stezeniu od 0,1M do 10M w stosunku do fazy olejowe;j.

Sposéb wedlug zastrz. 7, znamienny tym, Ze jako czastki fotokatalityczne stosuje sig czastki
fotokatalityczne zmodyfikowane powierzchniowo nanoczgstkami metali szlachetnych lub bi-
metali, korzystnie Pt-Cu, Pt-Pd, Pd-Cu, Au-Pt, Au-Pd, Ag-Pt, Ag-Cu w ilosci od 0,01 do 10%
molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do 1% molowych.

Sposdb wedlug zastrz. 7, znamienny tym, ze czastki fotokatalityczne domieszkuije sig nieme-
talem z grupy azot, siarka, bor, jod, wegiel w ilosci od 0,01 do 30% wagowych w stosunku do
potprzewodnika, korzystnie od 0,01 do 15% wagowych.

Sposdb wedlug zastrz. 11, znamienny tym, Ze czastki fotokatalityczne dodatkowo modyfikuje
sig powierzchniowo w znany sposéb nanoczgstkami metali korzystnie platyny, miedzi, palladu
w ilosci od 0,01 do 10% molowych w stosunku do péiprzewodnika, korzystnie od 0,01 do
1% molowych.
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Graphical abstract

Fo,0/550, Fe,0.8510/T0, Fe0u@ S0/ TI0-Pt/Cu
Fe.0, e

Highlights
e Preparation of magnetically separable TiO2/SiO»/Fe3O4 nanocomposites
e Core-interlayer-shell structure of bimetal-modified magnetic photocatalysts
e High photocatalytic activity of metal-modified magnetic photocatalysts

e  Fe;04@Si0/TiO2-M revealed high stability after subsequent cycles of degradation
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Abstract

Titanium(IV) oxide is one of the most widely investigated photocatalysts. However,
separation of nano-sized particulate titania might result in profitless technologies for
commercial applications. Additionally, bare titania is almost inactive under the Vis range of
solar spectrum due to its wide bandgap. Therefore, the present study aims to prepare novel core-
interlayer-shell TiO> magnetic photocatalysts modified with metal nanoparticles (Pt, Cu),
which exhibit both photocatalytic and magnetic properties, making it easily separable within
the magnetic field. Accordingly, the core-shell structure of Fe;04@SiO2/TiO2 was obtained in
water/TX100/cyclohexane microemulsion. Platinum and copper were photodeposited on four
TiO: templates and characterized by X-ray diffractometry (XRD), X-ray photoelectron
spectroscopy (XPS), specific surface area (BET) measurement and diffuse reflectance
spectroscopy (DR-UV/Vis). Photoactivity was studied in the reaction of phenol, acetic acid,
and methanol degradation under UV/Vis irradiation, using both polychromatic and
monochromatic irradiation (action spectrum analysis). The core-interlayer-shell structure of Pt
and Cu modified magnetic photocatalysts was confirmed using scanning transmission electron
microscopy (STEM). Magnetic photocatalysts modified with platinum and copper revealed
improved photoactivity both in oxidation and reduction photocatalytic reactions, as compared
to unmodified Fe;04@SiO2/TiO: photocatalysts. Finally, the correlation between
physicochemical properties and photocatalytic activities of Fe;04@SiO2/TiO>-Pt/Cu
photocatalysts was investigated. For the first time, the effect of metals’ loading on the efficiency
of phenol degradation and mineralization (TOC removal), and quantum efficiency of reaction

in the presence of magnetic photocatalysts were analyzed. It was found that phenol can be
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efficiently decomposed (ca. 100%) during 60 min of UV/Vis irradiation for the photocatalyst
recovered within the magnetic field during three subsequent degradation cycles.

Keywords: Pt-Cu-modified magnetic photocatalyst, core-shell structure, quantum efficiency,
magnetic separation, titania

1. Introduction

In recent years, the importance of photocatalysis using TiO> nanoparticles has been
increasing in various fields, e.g., wastewater treatment [1], air purification [2], and energy
conversion [3], due to their low price, stability, chemical inertness and high photocatalytic
efficiency. Nevertheless, there are three limitations to the scaling-up of titania photocatalytic
reactions. Firstly, TiO2 is activated almost only by ultraviolet (UV) light, due to its wide
bandgap (ca. 3.0-3.2 eV, depending on polymorphic form) [4-6]. Therefore, the application of
artificial irradiation sources (UV lamps) instead of sunlight radiation might increase the costs
of the purification process.

The second shortcoming of titania, typical for all semiconductors, is the fast recombination
of charge carriers, resulting in much lower than expected quantum yields of photocatalytic
reactions. In this regard, much attention has been paid to increase the light absorption in the
visible range and to inhibit the recombination rate. Various methods of titania modifications
have been proposed, such as surface modification with noble metals (Pt, Ag, Au, Pd) [7-10],
doping with non-metals (N, S, C, P, B, I, F) [11-16], heterojunction with other semiconductors
[17,18] and sensitization with color compounds (e.g., dyes [19]). Among them, surface
modification with noble metals has been the most prevalent since A. Bard [20] introduced it for
enhancement of activity under UV irradiation. Recently, noble metal nanoparticles have been
used for titania modification to absorb visible light due to localized surface plasmon resonance
(LSPR) properties [21,22]. Moreover, the deposition of metallic nanoparticles on the TiO2

surface could increase photocatalytic activity by (i) reducing the electron-hole recombination,
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(ii) increasing the efficiency of interfacial charge transfer, and (iii) generating charge carriers
due to light interaction [23-27]. However, the addition of high content of noble metals (1-5%),
mainly platinum and gold, could also generate high costs of photocatalyst preparation and even
result in an activity decrease due to the “shielding effect.” Hence, it is possible to reduce the
amount of expensive noble metals by creating bimetallic systems with cheaper metals, e.g.,
copper or silver [28,29], which also can enhance photocatalytic activity due to synergistic effect
between both metals [30-32].

The third challenge in photocatalysis is a separation of semiconductor nanoparticles from
post-process suspension. Owing to nanometric particle size, TiO2 could be detached from the
photocatalytic batch system almost only by highly expensive ultrafiltration [33,34].
Alternatively, nanoparticles have been immobilized on solid substrates, such as glass, sand,
ceramic balls, zeolites, activated carbon, or optical fibers [35]. However, it should be pointed
out that photocatalyst immobilization usually results in a significant decrease in specific surface
area and thus decrease in photocatalytic activity. For example, Zielinska-Jurek et al. showed
that TiO: activity decreased by ca. 30% after its impregnation on a glass substrate [36].
Moreover, the immobilized TiO: layer is often unstable, and due to abrasion might be detached
during the photocatalytic reactions [37,38]. Therefore, other methods of photocatalyst recovery
have been intensively investigated, and magnetic separation is considered as the most
prospective. For example, the modification of titanium(IV) oxide with Fe3Oa [39,40] and y-
Fe:03 [41,42], as well as other compounds exhibiting magnetic properties [43—45] has been
proposed for effective photocatalyst separation from the reaction suspension.

Considering these limitations, in this study, the modification of magnetic titania
photocatalyst with noble/semi-noble metals has been proposed. which should result in the
preparation of highly active photocatalyst at a wide range of irradiation and easily separation.

In the last years, only a few reports regarding metal modified TiO> loaded on a magnetic core
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material have been reported. For example, Li et al. [46] prepared hierarchical
Fe304@Si02@TiO2@Pt photocatalyst with highly active nanoplatelets of titania with exposed
(001) facets. As a photocatalytic shell, Ag-modified TiO2 was also used [47,48]. However,
mono- and bimetal modification of various titanium(IV) oxide templates loaded on magnetic
cores has not been reported yet. Moreover, the majority of the reported studies for the
photocatalytic activity of magnetic nanocomposites were investigated in the reaction of organic
dyes degradation [49-53], which has been considered as unsuitable due to sensitization
mechanism by dyes [54,55].

Therefore, the aim of the present study was preparation and characterization of the mono-
and bi-metal modified TiO: photocatalysts of different polymorphic compositions, additionally
deposited on magnetic particles (Fe3Os), forming a core-shell structure. An inert silica layer in
the structure of the magnetic photocatalyst was introduced to prevent leaching of iron ions into
the solution. The effect of noble and semi-noble metals’ loading, TiO» template on
photooxidation of phenol, acetic acid, and methanol dehydrogenation was investigated.
Furthermore, for the first time for metal-modified TiO» 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.

2. Materials and methods

Commercial titania samples: STO1 (ST-01, Ishihara Sangyo, Osaka, Japan), ST41 (ST-41,
Ishihara Sangyo), and FP6 (Showa Denko K.K., Tokyo, Japan) were supplied as photocatalysts’
shell matrix. Other chemicals, including titanium n-butoxide (TBT, 96.0%),
cetyltrimethylammonium bromide (CTAB, 98%), magnetite (Fe3Oa, particles size of about 50
nm, 97%), tetracthyl orthosilicate (TEOS, 99%), chloroplatinic acid hexahydrate (99%),
copper(Il) sulfate (99.9%). cyclohexane, acetone, methanol, 2-propanol, acetic acid,

ammonium hydroxide solution (25%), acetonitrile (HPLC grade), phosphoric acid (HPLC
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grade, 85%) and phenol (99.5%) were purchased from Wako Pure Chemicals (Osaka, Japan).
All materials were used as received without further purification.
2.1. Preparation of TiO2-M photocatalysts

Four different types of titania (commercial: STO1, ST41 and FP6, and self-prepared TBT -
from titanium n-butoxide hydrolysis) were modified with platinum and/or copper nanoparticles
using photodeposition method. The complete procedure was described in our Data in Brief
article [56].

2.2. Preparation of magnetic Fe;04@SiOx/TiO>-M photocatalysts

The TiO2-M nanoparticles were deposited on spinel ferrite particles as a thin photocatalytic
active shell. Magnetite (Fe304) was chosen as a core of the designed composite due to its high
magnetic properties, which enables to separate obtained photocatalyst in an external magnetic
field. Silica was used as an inert interlayer to isolate Fe;Ou from TiO: and suppress possible
electron transfer between them. The magnetic photocatalysts were obtained in w/o
microemulsion system based on changes in the particles’ surface charge as a function of pH
value, which was described in previously published work [57].

In the first part, commercially available Fe3Os nanoparticles with nominate particles
diameter of about 50 nm were dispersed in water at pH 10. After this, the prepared suspension
was introduced to cyclohexane/isopropanol (100:6 volume ratio) solution in the presence of
cationic  surfactant, cetyltrimethylammonium bromide (CTAB), creating stable w/o
microemulsion system with water nanodroplets dispersed in the continuous oil phase. The
molar ratio between water and surfactant content was set at 30. After 2 h of microemulsion
stabilization, a corresponding amount of tetraethyl orthosilicate (TEOS) and precipitating agent
(ammonia) were added into the microemulsion, resulting in the formation of SiO: interlayer.
The molar ratios of TEOS to Fe3Os and NH4OH to TEOS were 8:1 and 16:1, respectively. After

12-h mixing, microemulsion was destabilized by acetone addition and obtained nanocomposite
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Fe304@Si0> was separated, washed with ethanol and water, dried at 70 °C to dry mass and
calcined at 400 °C for 2 h. Two different types of Fe3O4@SiO> magnetic matrices were
synthesized, marked as z2 and z3, differing by the adding order of TEOS and ammonia, i.e.,
NH4OH first and TEOS first, respectively.

In a second step, previously obtained Fe304@SiO> particles were coupled with pure TiO> or
TiO>-M  to create photocatalytically active shells. As previously, a reversed-phase
microemulsion system at pH 10 was used. The Fe304:TiO> molar ratio was set to 1:2. The
junction between the magnetic/silica core and the photocatalytic layer was promoted by their
opposite surface charges, provided by the presence of CTAB at basic pH. Fe;0:@SiO2/TiO>
and Fe304@Si02/TiO2-M samples, after their separation and purification using water and
ethanol, were dried at 70 °C to dry mass and calcined at 400 °C for 2 h.

2.3. Characterization of obtained photocatalysts

XRD analyses were performed using the Rigaku Intelligent X-ray diffraction system
SmartLab (Tokyo, Japan) equipped with a sealed tube X-ray generator (a copper target;
operated at 40 kV and 30 mA). Data were collected in the 26 range of 5-80°. Scan speed and
scan steps were fixed at 1°min”' and 0.01° respectively. The analysis was based on the
International Centre for Diffraction Data (ICDD) database. The crystallite size of the
photocatalysts in the vertical direction to the corresponding lattice plane was determined using
Scherrer’s equation, with Scherrer’s constant equals 0.891. Quantitative analysis, including
phase composition with standard deviation, was calculated using the Reference Intensity Ratio
(RIR) method from the most intensive independent peak of each phase.

Nitrogen adsorption-desorption isotherms (BET method for the specific surface area) were
recorded using the Micromeritics Gemini V (model 2365) (Norcross, GA, USA) instrument at

77 K (liquid nitrogen temperature).
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The light-absorption properties were measured using diffuse reflectance (DR) spectroscopy,
and the data were converted to obtain absorption spectra. The bandgap energy of photocatalysts
was calculated from the corresponding Kubelka-Munk function, F(R)*®Epy against Epp
where Ejj, is photon energy. The measurements were carried out on JASCO V-670 (Tokyo,
Japan), equipped with a PIN-757 integrating sphere. As a reference, BaSO4 or respective bare
titania was used.

Samples morphology, as well as core-shell structures formation, were determined by
scanning transmission electron microscopy (STEM) equipped with energy-dispersive X-ray
spectroscopy (EDS; HITACHI, HD-2000, Tokyo, Japan).

The oxidation states of elements, especially platinum and copper, were determined by XPS
measurements on JEOL JPC-9010MC X-ray spectrometer (JEOL Ltd, Tokyo, Japan).

2.4. Measurements of photocatalytic activity

Photocatalytic activity of obtained samples was evaluated in three reaction systems: (1)
phenol degradation reaction under UV-Vis irradiation, (2) decomposition of acetic acid under
UV-Vis irradiation, and (3) dehydrogenation of methanol under UV-Vis irradiation. For phenol
degradation reaction, the 300 W xenon lamp (LOT Oriel, Darmstadt, Germany) was used. A
0.05 g (1 g-dm™) of a magnetic nanocomposite, where 0.02 g corresponds to photocatalytic
active TiO», together with 20 mg-dm™ phenol solution was added to 50 cm® quartz photoreactor
with an exposure layer thickness of 3 cm, and obtained suspension was stirred in darkness for
30 min to provide adsorption-desorption stabilization. After equilibrium was established,
photocatalyst suspension was irradiated (60 mW-cm) for 60 min under continuously stirring.
The constant temperature of the aqueous phase was kept at 20 °C using a thermostated water
bath. Every 10 min of irradiation, 1.0 cm? of suspension was collected and filtered through a
syringe filter (pore size: 0.2 pm) for the removal of photocatalysts particles. The concentration

of phenol and formed intermediates was estimated using a reversed-phase high-performance
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liquid chromatography (HPLC) system, equipped with a C18 chromatography column with
bound residual silane groups (Phenomenex, model 00F-4435-E0) and a UV-Vis detector with
a DAD photodiodes array (model SPD-M20A, Shimadzu). The tests were carried out at 45 °C
and under isocratic flow conditions of 0.3 ml-min"' and volume composition of the mobile
phase of 70% acetonitrile, 29.5% water, and 0.5% orthophosphoric acid. Qualitative and
quantitative analysis was performed based on previously made measurements of relevant
substance standards [58] and using the method of an external calibration curve. Total organic
carbon (TOC) was measured using TOC-L analyzer (Shimadzu, Kyoto, Japan).

For acetic acid decomposition, 0.05 g of nanocomposite (including 0.02 g of pure or metal-
modified TiO») was suspended in 5 cm® of 5 vol% aqueous acetic acid solution. The 30 cm®
testing tube with as prepared suspension was sealed with a rubber septum and irradiated for 60
min using the 400 W mercury lamp (Hamamatsu Photonics, Hamamatsu, Japan) under
continuous stirring and temperature control. Every 20 min, liberated CO: in a gas phase was
estimated chromatographically using a Shimadzu GC-8A Chromatograph (Shimadzu
Corporation, Kyoto, Japan) equipped with thermal conductivity detector (TCD) and Porapak Q
column (Agilent Technologies, Santa Clara, CA, USA).

For methanol dehydrogenation, 0.05 g of nanocomposite (0.02 g of TiO2) was suspended in
5 ¢cm? in methanol-water solution (volume ratio 50:50). The obtained suspension was first
purged with argon for oxygen removal, and the testing tube was sealed with a rubber septum
and irradiated for 1 h using mercury lamp (same reaction system as that used for acetic acid
decomposition). Generated hydrogen was determined every 15 min using a Shimadzu GC-8A
Chromatograph with TCD detector and MS-5A column (Agilent Technologies).

Additional photoactivity measurements for pure TiO> matrices and unmodified
Fe304@Si0»/TiO2 nanocomposites were performed in reaction of 4-nitrophenol reduction to 4-

aminophenol, based on the studies by Imamura et all. [59] and Brezova et all. [60]. To 50 cm®
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quartz photoreactor, 0.1 g (1 g-dm™) of pure TiO: or magnetic nanocomposite, where 0.04 g
corresponds to photocatalytic active TiO2, was added together with 50 cm® 500 uM 4-
nitrophenol solution in methanol. Oxygen was removed from suspension using nitrogen
purging. After complete oxygen removal, the mixture was irradiated for 1 h using 300-W xenon
lamp with light intensity set to 30 mW-cm?. Every 10 min, 1.0 cm® of suspension was collected,
filtered through a syringe filter, and analyzed using high-performance liquid chromatography
(HPLC) system. The measurement of 4-nitrophenol and 4-aminophenol concentration was
performed at 45 °C and under isocratic flow conditions of 1 cm*-min"' and volume composition
of the mobile phase of 60% water, 39.5% acetonitrile and 0.5% orthophosphoric acid.

2.5. Quantum efficiency of photocatalytic phenol degradation

Apparent quantum efficiency was determined in phenol oxidation reaction under
monochromatic irradiation. The generation of 1,4-benzoquinone (BQ; intermediate phenol
product) was quantified at seven irradiation wavelengths: 320, 380, 440, 450, 500, 560, and 620
nm. 0.03 g of nanocomposite (0.012 g of photocatalytic active TiO2) and 3 cm® of phenol
solution (¢ = 20 mg-dm™) were placed in a quartz cuvette and irradiated with monochromatic
light emitted by a diffraction grading type illuminator Jasco CRM-FD (Jasco Corporation,
Tokyo, Japan). Irradiation intensity was set in the range of 7.2 - 9.9 mW-cm™ and measured
using a Hioki 3664 Optical Power Meter (Hioki EE Corporation, Nagano, Japan). The
concentration of formed BQ was determined chromatographically using the Shimadzu LC-6A
system equipped with the WAKOSIL-II 5C18 AR column (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan) and a UV-Vis detector (model SPD-6A, Shimadzu). The tests were
performed at 45 °C and under isocratic flow conditions of 1 cm*-min™' and volume composition
of the mobile phase of 70% water, 29.5% acetonitrile, and 0.5% orthophosphoric acid. The
detection wavelength was set at 254 nm.

3. Results and discussion
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3.1. Physicochemical characterization of obtained nanocomposites

Exemplary XRD patterns for Fe304@SiO»/TiO2-M samples are presented in Fig.1a-b with
detailed crystal phase composition and crystallite sizes for all samples being listed in Tables
S1-S6 in Supplementary Material. For magnetic composites, the presence of crystalline phases
of both magnetite and TiO; was detected in all patterns, with the diffraction peaks for Fe;O4
inverse cubic spinel structure at 30.1°, 35.6°, 43.3°, 57.2°, 62.8° (ICDD card No 9002319) and
anatase as main TiOz polymorph at 25°, 37.8°, 47.9°, 53.8°, 54.9°, 62.6°, 68.7° and 70° (ICDD
card No 9009086). The content of magnetite crystalline phases varied from 28.3% to 35% for
STOl and FP6 samples, respectively, for composites without deposited metals. For
Fe304@SiO»/TBT-M nanocomposites, in opposite to previously described TiO2-M [56], the
brookite phase was not detected probably due to additional thermal annealing process after
preparation of the core-shell structure of magnetic photocatalyst. Interestingly, the content of
the rutile phase in the FP6 sample decreased significantly after the preparation of magnetic
nanocomposites. For example, the anatase to rutile ratio increased from 3.6 for bare FP6 sample
to 45.7 for magnetic composite containing 0.5% Cu ([56] and Table S4 in Supplementary
Material). Therefore, brookite — anatase transition, as well as amorphous phase — anatase
transition related to additional calcination of Fe;04@SiO2/TiO2-M nanocomposites, is
proposed as one of the possibilities [61]. The presence of amorphous silica was confirmed by
enlargement of the patterns between 15 and 25 reflection angles [53.,62]. The presence of
platinum and copper was not approved by XRD analysis (no peaks for platinum or copper) due
to their low content (0.05-0.5 mol%) and nanometric size. No other crystalline phases were

identified in the patterns, which indicated the crystal purity of the obtained composites.
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Fig. 1. XRD patterns of mono-metal (a) and bi-metal (b) Fez04@SiO2/TiO2-M magnetic

photocatalysts

The photoabsorption properties of the prepared magnetic materials were studied by diffuse
reflectance spectroscopy, and exemplary data are shown in Fig. 2. As a representative for
magnetic nanocomposite, Fe;0s@SiO»/TBT-Pt0.05_z2 was compared with the metal-modified
TBT matrix. The light absorption was extended in the range above 400 nm for the obtained
nanocomposites. Previously, the red-shifted light absorption was observed for TiO2-SiO: shell
coating the magnetic core [63]. The absorption at the Vis range for TBT-Cu0.5 and TBT-Pt0.05,
presented by Bielan et al. [56], confirmed that noble metals were successfully deposited on the
titania surface. Although for platinum the plasmonic peaks could be observed for all Pt-
modified samples (spectra with bare titania as a reference) with maximum absorption at ca.
380-420 nm [64], the copper exists as an oxidation state-mixed form (i.e., zero-valent, Cu2O
and CuO), because of its easy oxidation in air, as already reported for other Cu-modified titania

samples [65,66].
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Fig. 2. Exemplary DR-UV/Vis spectra of nanocomposites with BaSOs4 as a reference.

The specific surface area (BET) data for the obtained magnetic core-shell titania-based
nanocomposites are presented in Tables S7-S8 in the Supplementary Materials. After
introducing titania photocatalyst (bare or modified) on the Fe;O4@SiO, magnetic core, the
specific surface area increased significantly due to the presence of a highly porous silica
interlayer (Table S7). It was found that the highest BET for monometallic samples was obtained
for magnetic nanocomposites modified with 0.05 mol% of Pt reaching 160, 170, 110, and 119
m> g for TBT, STO1, FP6, and ST41, respectively, suggesting the presence of non-aggregated
fine nanoclusters of platinum. There was no meaningful difference between the BET specific
surface area of mono- and bimetallic magnetic nanocomposites.

The STEM analyses were performed to confirm the core-shell structure as well as the
presence of platinum and copper on the titania surface. The exemplary results for
Fe304@Si02/TBT-Pt0.05_z2 sample as a representative magnetic nanocomposite are presented

in Fig. 3.

~ 203 ~


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

' (b)

Pt nanopartic

[1 S——

Ve
p————————{ 100 nm

Fig. 3. STEM images of Fe304@SiO»/TBT-Pt0.05_z2 nanocomposite

The analysis confirmed the formation of a photocatalytic coating on the magnetic Fe3O4
core. Magnetite particles with a size of about 50 nm tended to agglomerate, which led to
creating about 20 nm SiO2/TiO: shell on the entire agglomerated surface. Pt nanoparticles of
the average diameter smaller than 10 nm were uniformly distributed on the surface.

The surface properties and oxidation state of elements were investigated by X-ray photoelectron
spectroscopy (XPS), and the obtained results for three different magnetic nanocomposites

containing STO1 titania shell are shown in Table 1 and Fig. 4.
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Fig. 3. Deconvolution of X-ray photoelectron spectroscopy (XPS) spectra for C Is, O 1s, Ti
2pap and Si 2psn for Fe304@SiOy/STOI-s_z2, FesO0s@Si02/STO1-P0.05_z2 and

Fe304@Si02/STO1-Pt0.05/Cu0.1_z2 samples (from the top)

Table 1. X-ray photoelectron spectroscopy (XPS) analysis of Ti, O, C, Fe, Si, Pt and Cu

Content (at.%)
Sample
Ti2p Ols Cls Fe 2p Si2p Pr4f Cu2p
Fe;0:@Si0/STO1-s_z2 312 34.07 50.36 1.87 10.59 - -
Fe;0.@8i0,/STO1-P10.05_2z2 8.21 50.56 24.15 0.09 16.96 0.04 -
Fe10:@Si0»/STO1-P10.05/Cu0.1_z2 334 36.58 48.85 0.02 10.97 0.11 0.11

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
suggests that co-deposition of copper could result in formation of larger nanoparticles than that
in the case of simple Pt deposition on fine titania (probably nano-sized Pt clusters). The

presence of copper was confirmed in the bimetallic sample, reaching 0.11 at. %. Iron content
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ranged from 0.02 at% for Fe;04@Si02/STO1-Pt0.05/Cu0.1_z2 to 1.87 at% for
Fe304@Si02/STO1-s_z2, which was expected for core-shell nanostructure, and confirmed that
the core was composed of magnetite. The Fe 2p signal was deconvoluted into 709 and 711 eV
peaks, corresponding to FeO and Fe;Os co-present in magnetite. The comparison between
magnetic samples also suggested that platinum might replace oxygen (the smallest O/(Ti+Si)
ratio), as already published for other titania samples [50]. Interestingly, the highest O/(Ti+Si)
ratio for bimetallic magnetic composite confirmed the presence of copper oxides rather than
zero-valent copper. The Ti 2p peak could be divided into 456 eV and 459 eV binding energies
and identified as Ti** and Ti*, respectively. Ti** was a dominant surface state for the most
samples. However, it should be pointed out that the Ti** content in magnetic composites was
quite high, suggesting titanium reduction during the microemulsion method. Silicon (Si 2p)
appeared in two forms: silicate (102 eV) and silicon oxide (104 V), among which SiO> state
is dominant (90-96%). Carbon was detected in all analyzed samples and varied from 24.15 to
even 50.36 at.%, which is typical for all titania (and others) samples, and mainly originated
from carbon(IV) oxide adsorption from surrounding air.

The oxygen to titanium and titanium/silicon ratio exceeded the expected one (2.0 considering
only SiO> and/or TiO2, as Fe3O4 core is almost undetectable) for nearly all analyzed samples,
reaching 2.5, 2.0 and 2.6 for STO1: bare on magnetic core, modified with 0.05 mol% Pt on
magnetite and modified with 0.05 mol% Pt and 0.1 mol% Cu on magnetic core, respectively.
The enrichment of the surface with oxygen (mainly in the form of hydroxyl groups) is common
and often reported for different titania photocatalysts [67].

3.2. Photoactivity of mono- and bimetallic Fe;04@SiO2/TiO2 nanocomposites

Firstly, photoactivity of core-shell non-metal modified Fe;04@SiO»/TiO> nanocomposites

was studied in methanol dehydrogenation and acetic acid decomposition. The obtained results,

in comparison with pure TiO> matrices, are shown in Fig. Sa-d.
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Fig. 5. Ha evolution (a) and acetic acid oxidation to CO: (b) as well as nitrophenol/aminophenol
conversion percentage (c) and phenol oxidation rate constant k (d) as a function of TiO> matrix
for pure TiO> and Fe304@SiO»/TiO> nanocomposites

Performed observations remained similar to pure TiO>-M systems [56] with the highest
activity towards Ha generation and acetic acid oxidation to CO: for samples containing anatase
particles in the shell layer, pure STO1, and FP6 respectively. However, some differences were
visible considering the exact value of the monitored process, with H> evolution being especially
suppressed. On the other hand, the efficiency of acetic acid decomposition was promoted for
Fe;04@Si0: surface coated with TiO: particles (Fig. 5b), which suggests that obtained
magnetic nanocomposites are more suitable for oxidation processes rather than reduction due

to the development of the specific surface area and formation of TiO2-SiO: photocatalytic layer
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for Fe3;0:@SiO»/TiO> nanocomposites in opposite to pure TiO» particles. For further
confirmation of the presented thesis, additional measurements of photocatalytic activity in the
reduction of 4-nitrophenol to 4-aminophenol as well as phenol oxidation reaction were
performed. The described dependencies are shown in Figure 5 c,d. For phenol oxidation
reaction, presented as constant rate k, the core-shell magnetic photocatalysts revealed
significantly higher activity than pure TiO> matrices, while the opposite trend was observed for
photoconversion of 4-nitrophenol to 4-aminophenol, with the highest efficiency for FP6 matrix.

Further differences were also observed for magnetic photocatalysts modified with Pt and Cu

nanoparticles, as presented in Fig. 6 a,d.
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Fig. 6. The effect of metal loading on photocatalytic activity for: Hz evolution (a-b), and acetic

acid oxidation to COz (COz evolution) (c-d) for monometallic Fe304@Si02/TiO2-M samples
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Regarding Ha evolution, a strong trend to promote the process in TBT-based systems
was observed both for Cu and Pt modified samples; however, as presented in Fig. 6a-b, nearly
ten times higher activity was observed for Pt-modified magnetic photocatalysts than for Cu-
modified magnetic nanocomposites. Moreover, very little difference was observed between
0.05% and 0.1% platinum loading, which led to the observation that the metal presence, rather
than its concentration, is the main factor affecting process efficiency in overall results.
Regarding acetic acid degradation, the highest efficiency was observed for ST41 based samples,
with no dependence on the character of the modification. In general, Cu presence decreased
process efficiency in most cases, and pure FP6 matrices (a mixture of anatase and rutile)
allowed to achieve a high degradation rate, while ST41 (anatase particles) synergizes with Pt
nanoparticles. Moreover, TiO: particles obtained from TBT hydrolysis (fine anatase NPs), as
well as, commercial TiO2 STOI consist also fine anatase particles modified with both Cu and
Pt exhibited higher photoactivity than FP6 (mixture of anatase and rutile NPs) and ST41 (large
anatase NPs), being weak or almost not affected by the presence of modifications. In the case
of Hx evolution, TiO> metal-modification allows to markedly improvement of process
efficiency in Fe304@SiO»/TBT core-shell systems since practically no activity was observed
for samples without deposited metal nanoparticles (see in Figure 6). However, for acetic acid
degradation, a strong matrix effect was observed, leading to the highest activity of ST41 and
FP6 -based samples, despite them being less affected by both metals. Ultimately it can be stated
that FP6 based composites, consists a mixture of anatase and rutile, possess the highest activity
towards acetic acid degradation, while ST41 (large anatase NPs) achieved its maximum after
modification with Pt nanoparticles only.Additional analyses were performed to evaluate the
possible effect of combining Fe;04@SiO: cores with TiO2-M photocatalysts based on different
TiO2 matrices. It was found that both z2 (sample obtained by adding NH4+OH to TEOS), and z3

(sample obtained by addition of and TEOS/NH4OH) are suitable for further modification, with
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almost the same efficiency towards acetic acid degradation and some increase in H> generation

in favor of z3 matrice, as shown in Fig. 7a-b.
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Fig. 7. Hz (a) and acetic acid oxidation to CO: (b) for Fe;04@ SiO/TiO>-M nanocomposites as

a function of different Fe304@SiO> magnetic cores

Further analysis showed that the TBT-based photocatalyst layer in the structure of magnetic
composite was especially active towards H> generation when combined with the z3 sample,
while FP6 worked well with the z2 sample. Since, as presented in Data in Brief, TBT-based
TiO>-M photocatalysts were found to be favorable for H> production in general, this explains
why in overall results, magnetic core material covered with TiO> anatase obtained from TBT
(TBT shell samples) were more suitable and highly active in hydrogen evolution. On the other
hand, no significant interactions between Fe3;04@SiO> magnetic samples and all TiO>-M
photocatalytic matrices were observed for acetic acid oxidation.

Finally, to confirm the observed dependencies, additional analyses of phenol oxidation were
performed for mono- and bimetallic Fe304@SiO2/TiO>-M samples. Their overall results,
presented as phenol degradation rate constant k and TOC removal, were compared with
previously described acetic acid degradation efficiency. Obtained results, presented in Fig. 8 a-
h, were in good agreement with the ones described for acetic acid, showing a high positive

effect of Pt addition, together with its negative interactions with Cu and no impact of
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Fe304@Si0; core selection. The selection of TiO> matrix also showed a similar impact to
previously described. The highest activity was noticed for magnetic composites containing the
photocatalyst layer of TiO2 FP6 (a mixture of anatase and rutile) as well as TiO2 ST41 (large

anatase particles).
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Fig. 8. Phenol degradation rate constant k and TOC removal for mono- (a-f) and bimetallic (g-
h) nanocomposites. The effect of TiO> matrix, Fe;04@SiO> matrices as well as Cu and Pt

content.

~ 211~


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF CHEMISTRY

Analyzed results are in good agreement with the study reported by Ziclinska-Jurek et al.
[68]. Large decahedral anatase particles (DAP) with crystalline size about 70 nm modified with
0.1 mol% of Pt nanoparticles exhibited the highest photocatalytic activity in phenol degradation
reaction in UV-Vis irradiation range. It is also worth mentioning that Pt nanoparticles embedded
on DAP surface were much bigger (17 nm) than nanoparticles on other TiO2 matrices (ca. 5
nm). Similar high activity for ST41 TiO> was presented by Ohno et al. in the photocatalytic
oxidation of adamantane [69]. Different situation was reported by Xie et al. [70] in their work
regarding CO:> reduction by various titania phases. Moreover, anatase/rutile and
anatase/brookite mixed phases semiconductors could form a phase junction, where electrons
could migrate from a higher conduction band (CB) to lower CB, promoting photogenerated
charge carriers” separation [70-72]. Moreover, for methanol dehydrogenation the presence and
properties of co-catalyst (noble metals) are the most crucial for being reaction centers [73].
3.3.Quantum efficiency analysis

The dependence of phenol degradation quantum efficiency on the irradiation wavelength
(action spectrum) is presented in Fig. 9. Quantum efficiency was determined for mono- and
bimetallic STO1-M and corresponding Fe3;04@SiO>/ST01-M magnetic photocatalysts.

In the UV light range, the highest quantum yields were achieved by bimetallic
photocatalysts, in which the STOI surface was simultaneously modified with platinum and
copper. For Fe;04@SiO2/ST01-M magnetic nanocomposites, bimetallic Fe304@SiO2/STO1-
Pt0.05/Cu0.1_z2 had almost twice as high performance as Fe;04@SiO2/ST01-Pt0.05_z2 (with
only platinum in its structure). The STOI-Cu0.1 photocatalyst had the lowest quantum
efficiency among the modified semiconductors. It is obvious that co-presence of platinum and
copper results in a significant enhancement of Vis response. Although in the case of platinum,
the mechanism is clear, i.e., platinum works as an electron sink (well-known since Bard studies

[20]), the mechanism for copper-modified titania is not so obvious [74], including p-n junction,
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Z-scheme electron transfer, Schottky barrier formation, and more complex charge carriers’
transfer between various forms of copper (Cu20, CuO, CuxO, Cu) and titania. It has been
proposed that Z-scheme electron transfer would be the most advisable (i.e., recombination of
electrons from conduction band (CB) of titania with holes from valence band (VB) of copper
oxides), resulting in highly reactive electrons in CB of copper oxides (more negative potential
than that in titania) and holes in VB of titania (more positive potential than that in copper oxides)
[18]. The present study suggests that in UV light range the co-presence of platinum might result
in the formation of efficient Z-scheme photocatalyst., i.e., second-generation Z-scheme (all-
solid-state (ASS) Z-scheme), in which platinum could work as an efficient conductor between

copper oxide and titania [75].
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Fig. 9. Action spectra of phenol degradation for obtained nanocomposites: (a) at whole range

of irradiation, and (b) at 430 - 455 nm field (magnification).

In the visible light range (> 420 nm), an apparent decrease in quantum efficiency was
observed because of insufficient excitation of titania (absorption edge at ca. 400 nm). The slight
activity even at 440 nm for bare titania could be explained by defects’ presence, typical for

almost all commercial titania samples (“self-doped” titania), which might result in slight Vis
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response, i.e., excitation to/from defects (such defects have already been reported for STOI at
ca. 0-0.4 eV below CB bottom by reverse double-beam photoacoustic spectroscopy [76]).
Platinum-modified samples showed the highest Vis activity confirming that plasmon resonance
of platinum should activate titania [28]. Moreover, the Vis activity for magnetic composites
was much lower comparing to TiO2-M, which may result from competitive charge carriers’
transfer between metal nanoparticles as well as titania. The previous study on hybrid
photocatalysts (ruthenium complexes and plasmonic nanoparticles [77]) and some bimetallic
photocatalysts (Au(core)/Ag(shell) [78]) indicated the enhanced charge carriers’ recombination
instead of their efficient separation in the case of photocatalysts modified by two modifiers.
Based on our previous studies [28-30,68], the Pt particle size, which depends on (i) TiO2
support type, (ii) reducing agent, (iii) annealing temperature, and (iv) metallic structure on TiO2
support is crucial in Vis light activity. Therefore, the additional calcination of
Fe304@Si0,/TiO2-M nanocomposites could have resulted in metal particles re-arrangement,
their aggregation, and finally, in the observed lower photocatalytic activity compared to TiO-
M photocatalysts.
3.4. Reusability of magnetic nanocomposites

The reusability of magnetic nanocomposites was studied in phenol degradation reaction in
three subsequent cycles. Bimetallic Fe3Os@Si02/ST41-Pt0.05/Cu0.1_z2 was selected due to
its excellent photocatalytic activity. After each 60 min cycle, nanocomposite was separated
using a magnetic field and used in another run without any treatment. The obtained results are
presented in Fig. 10. No loss in degradation was observed after three cycles of phenol
degradation process. Thus, the magnetic nanocomposites revealed excellent stability and

reusability.
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Fig. 10. Phenol degradation efficiency measured in three subsequent cycles in the presence of

Fe304@Si0,/ST41-Pt0.05/Cu0.1_z2

4. Conclusions

Mono- and bimetallic magnetic nanocomposites Fe304@SiO2/TiO>-M were successfully
prepared using w/o microemulsion method. The core-interlayer-shell structure, where core was
magnetic Fe3O4, inert interlayer was SiO», and a shell was composed of TiO> modified with Pt
and Cu, allowed to increase both photocatalytic activity and separability. Action spectra for
phenol decomposition correlated with corresponding absorption spectra for Pt-modified titania,
and thus confirming that even its low content (0.05 mol%) could activate titania under Vis
irradiation due to plasmon resonance of platinum. However, the co-existence of copper and
platinum nanoparticles was beneficial only under UV light. In the Vis range decrease in activity
was observed, suggesting that their co-deposition might work as charge carriers’ recombination

center. The most important finding was that introducing of magnetic nanoparticles as a core for
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Fe304@Si0/TiO: and Fe;04@Si02/TiO>-M did not negatively influence the photocatalytic
performance, as reported for immobilized photocatalysts. What is more, Fe;0s@SiO2/TiO2
revealed higher photocatalytic activity than pure TiOz in oxidation reactions (phenol and acetic
acid decomposition). Moreover, along with excellent photocatalytic properties in the solar
spectrum range, the outstanding stability, tested in three subsequent cycles of phenol
decontamination, suggested the possibility of commercial application of magnetic

nanocomposites for environmental purification.
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recalcitrant chemicals from flow back water, Journal of Environmental Management.
195 part 2 (2017) 157-165. Q1, IF 4.005, 100 points, citations: 17

X IF = 38.857 X citations = 40 (Web of Science) X Ministry points = 1030

Reviewer for:

¢ Chemical Engineering Journal

e SN Applied Science

e Micro & Nano Letters

¢ IET Nanobiotechnology

¢ Inorganic and Nano-Metal Chemistry

¢ International Journal of Photochemistry and Photobiology
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Chapters and articles in non-JCR listed journals

[1] M. Endo-Kimura, M. Janczarek, Z. Bielan, D. Zhang, K. Wang, A. Markowska-
Szczupak, E. Kowalska, Photocatalytic and Antimicrobial Properties of
AgxO/TiO2 Heterojunction. ChemEngineering. 3 (2019) 3, 5 points

[2] Z. Bielan, A. Zielinska-Jurek, Magnetyczne fotokatalizatory na bazie TiO: do
degradacji zanieczyszczen organicznych w fazie wodnej, Chapter in post-
conference monography: Problematyka z zakresu nauk o $rodowisku — przeglad i
badania. Lublin 2019. ISBN 978-83-65932-93-8

Conferences

[1] Z. Bielan, I. Wysocka, ]J. Strychalska, M. Janczarek, ]J. Hupka, A. Zieliniska-Jurek,
Preparation and characterization of magnetic TiO:2 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. Zielinska-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. Zielinska-Jurek, J. Hupka, Magnetic and photocatalytic properties of
Fe304/TiO2 nanocomposites, The XI Summer School for Postgraduate Students and
Young Researches , Interfacial phenomena in theory and practise”, 19-24 June 2016,
Rybaki near Koscierzyna, Poland, oral speech
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[4] Z. Bielan, A. Zielinska-Jurek, J. Hupka, J-TiO2 and Fe3Os4/]-TiO2 photocatalysts
and their environmental applications, 13th International Symposium on Catalysis,
19-23 September 2016, Siéfok, Hungary, poster

[5] Z. Bielan, A. Zielinska-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 Koscierzyna, Poland, oral speech

[6] I. Wolak, Z. Bielan, A. Zielinska-Jurek, Application of Magnetic Spinel Ferrites
Modified by TiO: 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 Koscierzyna, Poland, poster

[7] S. Dudziak, Z. Bielan, A. Zielinska-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 KosScierzyna,
Poland, poster

[8] A. Zielinska-Jurek, I. Wysocka, Z. Bielan, P. Jurek, A. Hénel, 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. Zielinska-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. Zielinska-Jurek, Z. Bielan, I. Wysocka, S. Dudziak, I. Wolak, Magnetic
photocatalysts for water treatment, Symposium on Nanomaterials for Environmental
Purification and Emnergy Conversion (SNEPEC), 20-21 February 2018, Sapporo,
Japan, oral speech
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[11] A. Zielinska-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, Krakéw, Poland, oral speech

[12] Z. Bielan, Z. Sobczak, A. Zieliniska-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, Krakéw, Poland, poster

[13] Z. Bielan, S. Dudziak, I. Wolak, Z. Sobczak, A. Zielinska-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 Koscierzyna, Poland, oral speech

[14] Z. Bielan, A. Zielinska-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. Zielinska-Jurek, A magnetically recoverable
photocatalyst prepared by supporting TiO: nanoparticles on a ferromagnetic
oxide core@silica shell composite, Pre-conference of TOCATS8 and the 5th
International Symposium of Institute for Catalysis (ICAT), 3-4 August 2018, Sapporo,
Japan, poster

[16] Z. Bielan, E. Kowalska, A. Zielinska-Jurek, TiO2-based magnetic
nanocomposites with core-shell structure, CSE International Student Symposium
2018, 27 August 2018, Sapporo, Japan, poster

[17] Z. Bielan, A. Zielinska-Jurek, Otrzymywanie i charakterystyka
nanokompozytéw o wlasciwosciach magnetycznych i fotokatalitycznych, IX
Kongres Technologii Chemicznej (TECHEM IX), 3-7 September 2018, Gdansk,
Poland, poster
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[18] Z. Bielan, A. Zielinska-Jurek, B. Ohtani, E. Kowalska, Titania-based magnetic
nanocomposites with core-shell structure, 242 VR L AR KRG D&%
WEDRE L (24th Symposium “Recent technical solutions in the field of photocatalysis”),
30 November 2018, Tokyo, Japan, poster

[19] Z. Bielan, A. Zielinska-Jurek, Magnetyczne fotokatalizatory na bazie TiO2 do
degradacji zanieczyszczen organicznych w fazie wodnej, Ogolnopolska Konferencja

Naukowa ,, Ochrona Srodowiska — Rozwigzania i Perspektywy”, 17 May 2019, Lublin,
Poland, oral speech

[20] Z. Bielan, E. Kowalska, B. Ohtani, A. Zielinska-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. Zielinska-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. Zielinska-Jurek, Kinetics and
degradation pathways of carbamazepine. A comparative study using visible
light active TiO: photocatalysts, 6th European Conference on Environmental
Applications of Advanced Oxidation Processes (EAAOP-6), 26-30 June 2019, Portoroz,
Slovenia, poster

Patents

[1] A. Zielinska-Jurek, Z. Bielan, Sposéb otrzymywania fotokatalizatora
magnetycznego wielowarstwowego, 2019. No: PL. 233343

[2] A. Zielinska-Jurek, Z. Bielan, Sposdb otrzymywania fotokatalizatora
magnetycznego wielowarstwowego, 2019. No: PL. 233344
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[3] A. Zielinska-Jurek, Z. Bielan, Sposéb 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 Gdansk 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 Koscierzyna, 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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mgr inz. Zuzanna Bielan
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

September 1, 2020

Statement of contribution %
/1

I have contributed to the publications which constitute a part of my PhD
dissertation in the following way:

e Anna Zielinska-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 FesOs/TiO2 and FesOs@SiO2/TiO2 samples with
different FesOs/TiO2 and FesOs/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.

e Anna Zieliniska-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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e,

The Effect of Particle Charge on Surface Functionality, Catalysts. 7 (2017)
360;

In the above study I have prepared the FeisOs-based magnetic photocatalysts
samples and was co-responsible with other authors for their physicochemical and
photocatalytic analysis.

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielinska-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;

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielinska-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.

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Daniel Pelczarski,
Jacek Ryl, Anna Zielinska-Jurek, Preparation and characterization of
defective TiOz. The effect of the reaction environment on titanium vacancies
formation, Materials. 13 (2020) 2763;

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Jacek Ryl, Anna
Zielinska-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.

e Anna Zielinska-Jurek, Zuzanna Bielan, Sposéb  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.

/,%M Gozanme,

mgr inz. Zuzanna Bielan
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PhD DSc, Anna Zielifiska-Jurek, Assoc. Prof. of GUT Gdarnisk, 04.09.2020
Dep of Process Engineering

and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12
80-233 Gdanisk, Poland

Statement of contribution

I have contributed to the publications, which constitute a part of the PhD dissertation of mgr inz.
Zuzanna Bielan in the following way:

*  Anna Zieliriska-Jurek, Zuzanna Bielan, Izabela Wysocka, Judyta Strychalska, Marcin Janczarek,
Tomasz Klimczuk, Magnetic semiconductor ph 1 of recalcitrant
chemicals from flow back water, Journal of Environmental Management. 195 part 2 (2017) 157-
165;

e Anna Zielinska-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;

sts for the deg

In the above studies, I have initiated the research topic (idea), conceived the concept, designed the
experiments, analyzed the obtained data, drafted the manuscripts and designed the figures, prepare
P for revi , prepared the published ions of the manuscripts.

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho Ohtani, Anna
Zieliriska-Jurek, Mono- and bimetallic (Pt/Cu) titani V) oxide core-shell ph lysts with
UV/Vis light activity and magnetic separability, Catalysis Today. (2020);

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho Ohtani, Anna
Zielinska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) oxide photocatalysts.
Physicochemical and ph lytic data of magneti posites” shell, Data in Brief.
(2020);

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Daniel Pelczarski, Jacek Ryl, Anna
Zielinska-Jurek, Preparation and characterization of defective TiOz. The effect of the reaction
environment on titani v ies formation, Materials. (2020);

* Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Jacek Ryl, Anna Zieliriska-Jurek,
Defective TiO2 Core-Shell Magnetic Photocatalyst Modified with Plasmonic Nanoparticles for
Visible Light-Induced Photocatalytic Activity, Catalysts. (2020);

In the above studies, I have conceived of the presented idea, conceived and planned the experiments,
contributed materials and analysis tools, analyzed the obtained data, discussed the results and
contributed to the final versions of the manuscripts.

finoe ki e

PhD Dsc, Anna Zieliriska-Jurek, Assoc. Prof. of GUT
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prof. dr hab. inz. Jan Hupka
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

July 7, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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. 1

——.

e,

f. dr hab. inz. Jan Hupka

ae]
=

.“d"

£
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dr hab. inz. Marcin Janczarek
Institute of Chemical Technology
and Engineering

Faculty of Chemical Technology
Poznan University of Technology
Berdychowo 4

60-965 Poznan, Poland

May 26, 2020

Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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.

Moo }WAWQ,{/L

dr hab. inz. Marcin Janczarek
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dr inz. Izabela Wysocka
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

June 22, 2020

Statement of contribution

I hereby certify that my contribution to the article:

Anna Zielinska-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:

e Preparation of four samples FesO0s@SiO2/TiO: with different TiO2 matrix —

commercial TiO2 P25 and ST-01, TiO: obtained via titanium butoxide and
titanium isopropoxide hydrolysis,

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

BET surface area and absorption properties analysis

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

and 4-heptanone under UV-Vis irradiation.

Adupake. ... Juok da.

dr inz. Izabela Wysocka

~ 258 ~


http://mostwiedzy.pl

GDANSK UNIVERSITY
: OF TECHNOLOGY

FACULTY OF CHEMISTRY

mgr inz. Judyta Strychalska-Nowak
Department of Solid State Physics
Faculty of Applied Physics and
Mathematics

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

July 21, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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.

j\u a}ﬁm )t'v)oivgtﬂfha Nowak
mgr inz. Judyta Strychalska-Nowak
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mgr inz. Szymon Dudziak
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

May 21, 2020

Statement of contribution C: :
SD

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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 TiO: layers.

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielinska-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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e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielinska-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 TiO:2 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.

e Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski,
Jacek Ryl, Anna Zielinska-Jurek, Preparation and characterization of
defective TiO2. The effect of the reaction environment on titanium vacancies
formation, Materials. 13 (2020) 2763;

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna
Siuzdak, Jacek Ryl, Anna Zielinska-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 TiO:
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. 2%

mgr inz. Szymon Dudziak
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mgr inz. Zuzanna Ryzyniska
Department of Solid State Physics
Faculty of Applied Physics and
Mathematics

Gdansk University of Technology
Gabriela Narutowicza 11/12
80-233 Gdansk, Poland

May 22, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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 inz. Zuzanna Ryzyniska
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GDANSK UNIVERSITY
OF TECHNOLOGY

FACULTY OF APPLIED PHYSICS AND MATHEMATICS

Gdarisk, March 12" 2019

Re: Statement of contribution

| have contributed to the publications which constitute a part of the PhD dissertation of
mgr inz. Zuzanna Bielan in the following way:

e Anna Zielinska-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;

e Anna Zielinska-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 studies | have supervised the magnetic properties measurements and revised the
final versions of manuscripts.

Toon L b

Prof. Tomasz Klimczuk

GDANSK UNIVERSITY OF tel. +48 58 348 6611
TECHNOLOGY

ul. G. Nanutowicza 11/12 e-mail: tomasz klimczuk @pg.edu.pl
80-233 Gdarisk www.mif.pg.gda.plhomepages/tomek
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mgr inz. Izabela Malinowska
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

May, 24 2020

Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Anna Zieliniska-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.

Znbol, Mmool

mgr inz. Izabela Malinowska
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UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
Centrum NanoBioMedyczne

dr Grzegorz Nowaczyk
NanoBioMedical Center
Adam Mickiewicz University
Wszechnicy Piastowskiej 3
61-614 Poznar, Poland

Date, 2020.07.10
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation of mgr inz.
Zuzanna Bielan in the following way:

e Anna Zielinska-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 the TEM microscopy analysis.

dr Grzegorz Nowaczyk
/

ul. Wszechnicy Piastowskiej 3, 61-614 Poznar
NIP 777 00 06 350, REGON 000001293

tel. +48 61 829 5157, tel. /fax. +48 61 829 51 59
cnbm@amu.edu.pl
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- Hokkaido University

o8 Sapporo 001-0021, Japan

hitp:/iwww cat hokudai.ac jp

Sapporo, 2020.06.23

Statement of contribution

| have contributed to the following publications that constitute a part of the PhD
dissertation of mgr inz. Zuzanna Bielan:

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielifiska-Jurek, Mono- and bimetallic (Pt/Cu) titanium(IV) oxide
core-shell photocatalysts with UV/Vis light activity and magnetic separability,
Catalysis Today, in press (2020); https://dci.org/10.1016/j.cattod.2020.05.034.

s Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zielinska-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 | have supervised the research conducted in the Institute of
Catalysis (ICAT), evaluated the literature review and results and reviewed the

manuscripts.

Sincerely yours,

Ewa Kowalska
Associate Professor
& Leader of Research Cluster for Plasmonic Photocatalysis

Institute for Catalysis, Hokkaido University
kowalska@cat.hokudai.ac.jp
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Dr. Kunlei Wang

Institute for Catalysis (ICAT)
Hokkaido University

North 21, West 10

001-0021 Sapporo, Japan

June 24, 2020

Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zieliriska-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;

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zieliniska-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.

Kenlo~ W

Dr. Kunlei Wang
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Prof. Bunsho Ohtani
Institute for Catalysis (ICAT)
Hokkaido University

North 21, West 10

001-0021 Sapporo, Japan

August 17, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zieliniska-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;

e Zuzanna Bielan, Ewa Kowalska, Szymon Dudziak, Kunlei Wang, Bunsho
Ohtani, Anna Zieliniska-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).

N
s

Prof. Bunsho Ohtani
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mgr inz. Agnieszka Sulowska
Department of Process Engineering
and Chemical Technology

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

May 20, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski,
Jacek Ryl, Anna Zielinska-Jurek, Preparation and characterization of
defective TiO2. The effect of the reaction environment on titanium vacancies
formation, Materials. 13 (2020) 2763;

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna
Siuzdak, Jacek Ryl, Anna Zielinska-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 TiO: 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.

Agrmc'/)zia, Sulonska.

mgr inz. Agnieszka Sulowska
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dr inz. Daniel Pelczarski
Department of Physics of Electronic
Phenomena

Faculty of Applied Physics and
Mathematics

Gdansk University of Technology
Gabriela Narutowicza 11/12

80-233 Gdansk, Poland

June 22, 2020
Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski,
Jacek Ryl, Anna Zielinska-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.

(Pd/uzww{%} amie]

dr inz. Daniel Pelczarski
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dr hab. inz. Jacek Ryl
Department of Electrochemistry,
Corrosion and Materials
Engineering

Faculty of Chemistry

Gdansk University of Technology
Gabriela Narutowicza 11/12
80-233 Gdansk, Poland

June 25, 2020

Statement of contribution

I have contributed to the publications which constitute a part of the PhD dissertation
of mgr inz. Zuzanna Bielan in the following way:

e Zuzanna Bielan, Szymon Dudziak, Agnieszka Sulowska, Daniel Pelczarski,
Jacek Ryl, Anna Zielinska-Jurek, Preparation and characterization of
defective TiO2. The effect of the reaction environment on titanium vacancies
formation, Materials. 13 (2020) 2763;

e Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna
Siuzdak, Jacek Ryl, Anna Zielinska-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.

dr hab. inz. Jacek Ryl
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' Mp INSTYTUT MASZYN PRZEPLYWOWYCH
%) im. Roberta Szewalskiego
/_D:: POLSKIEJ AKADEMII NAUK
L 80-231 Gdansk ul. J. Fiszera 14
Tel. (centr.): 58 3460881 Fax: 58 3416144 e-mail: imp@imp.gda.pl
Tel. (sekr.): 58 3416071 www.imp.gda.pl
Gdansk, 08.07.2020

PhD DSc, Katarzyna Siuzdak. Assoc. Prof. of IMP PAN

Head of the Laboratory of Functional Materials

Centre for Plasma and Laser Engineering

The Szewalski Institute of Fluid-Flow Machinery Polish Academy of Science
Fiszera 14, 80-231 Gdansk, Poland

Statement of contribution

I'have contributed to the publication which constitute a part of the PhD dissertation of mgr inz. Zuzanna
Bielan in the following way:

* Zuzanna Bielan, Agnieszka Sulowska, Szymon Dudziak, Katarzyna Siuzdak, Jacek Ryl, Anna
Zieliniska-Jurek, Defective TiOz Core-Shell Magnetic Photocatalyst Modified with Plasmonic
Nanoparticles for Visible Light-Induced Photocatalytic Activity, Catalysts. 10 (2020) 672;

In the above study I have performed the electrochemical measurements, prepare figure 11 and the
discussion concerning flat-band potential.

drhab. in. gy,
e TZyna Siuz
Prof IMp 1y o

. Kierownj
Pracowni Materiaiow F:zm

Inych
PhD DSc, Katarzyna Siuzdak. Assoc. Prof. of IMP PAN

L;g;,\ PCE REGON: 000326121 NIP: 584-035-78-82 POLTAX VAT-5UE: PL5840357882
i) FPLA |
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