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1. Introduction and objectives

Composite materials are playing an increasingly important role, due to the fact that composite
materials created by the combination of components often have better properties than systems
based on pure components.

Composite materials can be prepared by combining two or more materials, where the disperse
phase is distributed in a continuous matrix. The use of composites is extremely wide, many
industries - e.g. automotive, construction, electrical, electronic and pharmaceutical industries - deal
with manufacturing and development of composites and they can also be used in other areas such
as sports tools or renewable energy (wind power).

The main motivation of my research was to synthesize various functional composite materials
and their components, as well as to characterize their material structure. Furthermore, my purpose
was also to establish advantageous material properties of the hybrid materials formed by
combining the obtained components and to demonstrate the various applications of the composites
(e.g. medical/biomedical encapsulation, controlled release, self-cleaning surfaces, etc.).

The continuous phase of the composite materials was provided by polyacrylates with different
hydrophilicity and for filler materials | used layered double hydroxide (LDH), layered double
oxide (LDO), clay mineral (montmorillonite), and hydroxyapatite (HAp) with lamellar structure.
My aim was to synthesize LDH lamellae with high specific surface area, surface charge density
and anion exchange capacity, which may be suitable for the formation of drug carrier
nanocomposite by drug intercalation into the pillars.

By modifying the synthesis conditions, my aim was to synthesize and characterize spherical
LDH with new material structure properties besides the traditional lamellar LDH. My objective
was also to verify whether the LDO filler with photocatalytic properties obtained by calcination
of spherical LDH is suitable for the synthesis of composite thin films having photocatalytic and
antibacterial properties.

Finally, composite layers were produced to achieve enhanced photocatalytic efficiency. Using
the biocompatible and lamellar HAp filler, 1 designed TiO2-containing polyacrylate-based
composite coatings in which the photo-oxidation of the organic polymer matrix can be suppressed

with the increased photocatalytic efficiency of the HAp component.



2. Composites and methods

During my doctoral work | have synthesized composites with different applications by using
LDH, LDO, montmorillonite, HAp inorganic and acrylate based polymer components. Figure 1
summarizes the components and composites formed during my work, as well as a list of possible

applications.
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Figure 1. Scheme representing the components and the prepared composites, indicating the
possible applications.



During the experimental work | characterized the produced systems by using the following

measurement techniques and methods:

X-ray powder diffraction (XRD, Bruker D8),

Small angle X-ray scattering (SAXS, Philips PW 1820 X-ray tube, KCEC/3 Kratky
Camera and PDS 50M detector),

Fourier-Transformed Infrared Spectroscopy (FT-IR, BIO-RAD Digilab Division FTS-
65A/896 and BIO-RAD Digilab Division FTS-40),

Scanning Electron Microscopy (SEM, Hitachi S-4700 and Jeol FEG-SEM 7600F),
Energy Dispersive X-ray Spectroscopy (EDS, Hitachi S-4700),

Transmission Electron Microscopy (TEM, FEI Tecnai G2 20 X-Twin),

UV-Visible Spectrophotometry (Ocean Optics UV-VIS USB4000),

Thermoanalitical methods (Mettler-Toledo TGA/SDTA 851°),

Rheology (Anton Paar Physica MCR 301).

Other instruments used:

Miitek PCD 02, particle charge detector,

Micromeritics Gemini 2375, surface area analyzer,

Dektak 8 (VVeeco), profilometer,

Easy Drop Kriiss GmbH, drop shape analysis system,

Gas Chromatograph (Shimadzu GC-14B),

SiriusL Single Tube luminometer (Titertek Berthold, Germany),
Infinite 200® PRO, Tecan Austria GmbH, microplate reader.



3. New scientific results

T1. Synthesis and structure analysis of a layered double hydroxide (LDH)-based neuroactive
kynurenic acid (KYNA)-containing composite system (LDH/KYNA) with pH-dependent
solubility properties and its drug release study under gastrointestinal conditions.

T 1.1. As a new scientific result, 2:1 Mg/Al double hydroxide (2:1 Mg/Al-LDH) was
successfully synthesized by co-precipitation method with high specific surface area (114.96 + 0.48
m?/g) and positive specific surface charge (+641 mmol/ 100 g). Anti-ulcerant kynurenic acid
molecules were intercalated between the layers to obtain a KYNA/ LDH intercalation
nanocomposite. By XRD and FT-IR measurements | proved that the intercalated KYNA molecules
exhibit a paraffin-like monolayer arrangement within the layer. It was found that the amount of
interlayer KYNA was 12-14 wt.%, which was in good agreement with the theoretically calculated
KYNA content of the composite (12 wt.%).

T 1.2. Due to their chemical composition, the layered double hydroxides exhibited pH-
dependent solubility and significantly higher solubility under acidic conditions. It was shown that
the KYNA/ LDH composite system was appropriate for pH-dependent drug release under in vitro
conditions. It was demonstrated by gravimetric and XRD measurements, that the prepared 2:1
Mg/Al-LDH was almost completely dissolved (in 6 hours) in the applied simulated gastric fluid
media at pH=1.5. The released kynurenic acid from the KYNA/ LDH nanohybrid system revealed
a delayed release profile (k= 1.49 x 10 s%; ty,= 12.9 hours) compared to free KYNA (k= 5.91 x
10° sk ty, = 3.3 hours). Significant drug retention was observed, only 18 % of kynurenic acid
was released from the KYNA/ LDH nanohybrid system after 4 hours. In contrast, release of free
kynurenic acid at pH 6.70 showed concentration-dependent first order kinetics (k = 4.75 x 10° §°
1 R? = 0.9955; t1, = 4.1 hours). The kinetics of the release of the drug at pH 1.50 were

characterized by the Higuchi model, which described a diffusion-controlled process.



T2. Synthesis and characterization of spherical LDH and investigation of its structuring
properties with AgP-montmorillonite by heterocoagulation. Verifying the antibacterial

properties of the composite.

T 2.1. By adjusting the ratio of precursors ([Zn + Mg]:Al molar ratio 2:1 and Zn:Mg molar ratio
1:8) in the presence of urea at pH= 3, ZnMgAl-layered double hydroxide particles were
synthesized with spherical morphology, over one week aging period.

I have shown that in the case of LDH spheres with a diameter of 25.31 + 2.34 um, the radial
arrangement of the “conventional” LDH lamellas resulted in spherical structure. The obtained
LDH spheres possessed high degree of crystallinity, structured (rough) surface and low specific
surface area (14.75 m?/g), which refered to a compact inner structure. It was established that the
surface charge of spherical LDH showed pH-dependent properties. At low pH values (pH< 4) it
has positive surface charge, while at higher pH values (pH> 4) it loses its positive charge. Spherical
LDH has a high specific surface charge at pH= 3 (+273 mmol/ 100 g) which decreases at higher
pH values.

T 2.2. Utilizing the special pH-dependent surface charge of LDH, a two-component LDH/ Ag®-
montmorillonite (= 25/75 wt.%) system was synthesized which formed a coherent gel at pH <4.5
and incoherent sol at pH> 4.5. Based on rheological (ts) and SAXS (Dimm; Dims; Kp) parameters,
it was demonstrated that at low pH (pH <4.5), LDH spheres with a positive surface charge created
electrostatic interactions with negatively charged Ag®-montmorillonite forming a compact, shape-
retaining gel structure (t8 = 9.90 Pa). When the pH was raised (pH> 4.5), this gel structure
disintegrated and acted as an incoherent sol of the LDH/ Ag®-montmorillonite composite, which

was explained by the loss of LDH particle charge.

T 2.3. The presence of 21.9 + 2.9 nm AgNPs on montmorillonite clay lamellae was confirmed by
spectrophotometric measurements and transmission electron microscopy. It was shown that by the
disintegration of the coherent structure, the accessibility of the immobilized AgNPs on the surface
of Ag®-montmorillonite significantly increased and thus the sample had antibacterial properties.
Based on the results, the Ag®-montmorillonite composite was able to inactivate the bacterial film
formed by Escherichia coli test bacteria (1.79 x 10 CFU/cm?) even at low concentrations (30 ul

of 25 ppm Ag®-mont. suspension).



T3. Synthesis of ZnMgAl-layered double oxide (LDO) particles and their structural,

morphological and optical properties.

T 3.1. I proved that the heat treatment of spherical LDH containing 12 wt.% Zn at 600 °C modifies
the structure of LDH, the initial reflections disappeared 20= 11.63° (003) and 23.4° (006) and new
reflections appeared due to the formation of oxide phases. Bragg reflection (200) at angle of
20= 43.60, indicateed the formation of MgO (Mg (Al) O) in the LDO structure, and 20= 32.02°;
36.28° and 56.67° provided information of the presence of Bragg reflections (100), (101) and (110)
typical of ZnO. The specific surface area (14.75 m?/g) of the produced layered double oxide (LDO)
increased slightly compared to the initial LDH (12.84 m?/g).

T 3.2. Using a calcination method carried out at 600 °C, it was presented that the morphology of
spherical LDH remained unchanged, the initial LDH structure did not collapse by the heat
treatment. The surface of the obtained LDO particles remained structured both at micro and nano
levels. Due to the ZnO content of LDO, UV-excited rough surface oxide particles were produced.
The band gap energy of the LDO particles was determined by Kubelka-Munk method and the

obtained Eg was 3.2 eV, which corresponds to the literature value of pure ZnO.

T4. Synthesis of self-cleaning LDO/ p(PFDAc) composite thin films and verifying their
photocatalytic and superhydrophobic properties.

T 4.1. LDO particles are suitable for the preparation of photoreactive composite thin films with
special wetting properties due to its specific morphology and photocatalytic properties. The
surface immobilization of the particles was ensured by poly-perfluorodecyl acrylate p(PFDAC)
polymer and it was confirmed that the photocatalytic efficiency can be increased by increasing the
proportion of the photocatalyst in the layer. As an effect of 80 wt.% LDO content in the composite
film (A = 25 cm?), the concentration of the initial 0.17 g/L benzoic acid test molecule (in aqueous

solution) was reduced by 24% during 240 min photocatalytic measurements.

T 4.2. | proved that the roughness of the films can be controlled by changing the ratio of LDO/
p(PFDAC) in the hybrid layers. The obtained roughness on the initial flat fluoropolymer film was
Rq = 0.002 £ 0.0002 um which value could be increased up to 15.30 £ 2.04 um with increasing
LDO content. Profilometric and AFM measurements showed that LDO/ p(PFDAc) composite
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films acquired micro- and nano-roughness (Rq= 15.30 um / profilometriy/; Rq= 38.4 nm /AFM/).
The increasing roughness and structured surface of the layers was also evident in the electron
microscopic images. The change in the apparent surface free energy values (determined by Drelich
method) with increasing LDO particle content was also demonstrated. The surface free energy of
the initial fluoropolymer (0 wt.% LDO content) ys°= 28.0 + 3.91 mJ/ m? was reduced to ys°'= 2.7
+ 0.65 mJ/m? when the LDO content was increased to 80 wt.%.

T 4.3. | have shown that by changing the surface roughness of LDO/ p(PFDACc) composites, the
wetting properties of the layers can be controlled. The obtained contact angle of the initial flat
surface fluoropolymer layer was ®w= 105.6° + 0.76° which could be increased with increasing
particle content. In the case of 80 and 90 wt% of LDO containing polymer layers,
superhydrophobic surface was obtained and the measured contact angles were 156.3° + 1.88° and

157.1° £ 1.53°, respectively.

T 4.4. In case of Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa bacteria,
| proved that the wetting and morphological properties of the surfaces significantly influenced the
strength of microbiological interactions and the extent of bacterial adhesion. With the increasing
content of LDO particles (from 20 wt.% to 80 wt.%), the bacterial adhesion was also increased
(ODs20 = 0.2 to 1.54) based on the crystal violet staining process. SEM measurements also showed
that bacteria with a size of 0.6-2 um are located on the surface of hydrophilic LDO lamellae in the
two-component layers, i.e. the bacteria were preferably te adhered on hydrophilic, high energy
surface instead of the hydrophobic fluoropolymer. | presented that during the irradiation, the
formed free radicals could inactivate the adhered bacteria. After 120 minutes of illumination time,

the number of damaged bacteria cells were growing with 46%.



T5. Enhancing the durability of polymer-based composite layers with inorganic
biocompatible HAp additive. Photocatalytic properties of TiO2/ HAp/ p(EA-co-MMA)
polymer composites and the synergistic effect of HAp lamellae in TiO2/ p(EA-co-MMA)
based thin films.

T 5.1. It was presented that the biocompatible and lamellar hydroxyapatite (HAp) with 116 m?/g
specific surface area, was suitable for immobilizing TiO2 nanoparticles on their surface. A
synergistic effect in case of TiO2/ HAp composites, produced by precipitation method, was
observed in the specific surface values. The obtained specific surface area of the 40/60 TiO2/ HAp
composite was 122 m?/g, which was in good agreement with the specific surface area calculated
from Small Angle X-ray Scattering (SAXS) (141 m?/g) measurements.

Based on the photocatalytic measurements, the photocatalytic efficiency was higher in the case of
36 wt.% (5.61 mM EtOH/ g TiO2) and 12 wt.% (4.26 mM EtOH/ g TiO2) TiO containing TiO2/
HAp/ p(EA-co-MMA) thin films compared with HAp-free and 60 wt.% containing TiO>
photocatalyst (4.04 mM EtOH/ g TiO.). This synergistic effect was due to the HAp content in the
composite, which provided higher dispersion and higher surface accessibility of the photocatalyst
particles. This resulted higher photocatalytic efficiency with less photocatalyst content.

T 5.3. After 120 hours of illumination with LED-light source (Amax = 405 nm), in the presence of
HAp lamellae [36% TiO2/ 24% HAp/ 40% p(EA-co-MMA)] the composite layer degradation of
the polymer was only 15%, whereas the self-degradation of the polymer in composites without
HAp lamellae [60% TiO2/ 40% p(EA-co-MMA)] was 35%. Thus, | have demonstrated that
lamellar HAp can serve as a suitable component to suppress photodegradation of photocatalyst/
polymer thin films as an inert "spacer” between the photocatalyst particles and the binder polymer

matrix.
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