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1. Introduction

Water pollution has become a pressing global concern, fueled by the widespread release
of harmful contaminants into aquatic environments. Among these, the uncontrolled use of
pesticides, pharmaceuticals, and other persistent organic pollutants poses a particularly serious
threat to both environmental and public health. Conventional treatment methods often fall short
in completely eliminating such compounds, especially at trace concentrations.

In response, researchers have increasingly turned to advanced oxidation processes
(AOPs), which are capable of degrading recalcitrant pollutants through the generation of highly
reactive species, such as hydroxyl radicals. Among the various AOPs, photocatalysis stands
out as a particularly promising approach. It harnesses light energy to activate specific materials
that drive oxidative reactions, ultimately breaking down pollutants into harmless byproducts.
However, the success of photocatalysis largely depends on the choice of photocatalyst. With
countless options available, the challenge lies in choosing a material that meets three essential
requirements: efficiency, cost-effectiveness, and stability. Alkaline earth metal titanates are
promising photocatalysts with a special crystal structure known as perovskite. They are
chemically stable, relatively inexpensive, and environmentally friendly, making them good
candidates for photocatalytic applications. Despite their potential, these materials have not been
studied as much as others like titanium dioxide (Ti10.). Like other photocatalysts, titanates have
some limitations. Due to their relatively wide band gaps, these materials are less responsive to
visible light, limiting their efficiency under natural sunlight. This makes it essential to carefully
design and optimize their synthesis to achieve desirable structural and functional properties.

This thesis focuses on the synthesis, characterization, and photocatalytic evaluation of
alkaline earth metal titanates for the degradation of pollutants, such as phenol, chlorophenol,
and oxalic acid, under UV light. It also explores their ability to disinfect water by inactivating
harmful microorganisms. By optimizing synthesis conditions and investigating structure-
activity relationships, this work aims to contribute to the development of efficient and
sustainable photocatalysts for environmental applications.



2. Objectives

The primary goal of the research carried out during the PhD period was to synthesize
alkaline earth metal (Sr, Ca, Ba) titanates using various synthesis methods and evaluate
their performance in the degradation of pollutants. Based on the results of these measurements,
I aim to reveal the causal relationship between the morpho-structural properties and
photocatalytic activity.

This thesis explores and clarifies the topics outlined above, highlighting the novelty of
employing the rapid heating as an innovative approach for calcination, and presents the
following primary and additional objectives:

1. Employ sol-gel-derived materials and apply rapid heat treatment.
2. In-depth characterization of photocatalysts to study morpho-structural properties:
i.  Crystalline composition and primary crystallite size
ii.  Optical properties of the obtained materials
iii.  Surface species and chemical composition
3. Assess photocatalytic efficiency under UV light using various model pollutants with
different functional groups:
I.  Hydroxyl group (-OH), associated with phenol
ii.  Halide group (-Cl), associated with chlorophenol
iii.  Carboxyl group (-COOH), associated with oxalic acid
4. Establish the relationship between morpho-structural properties and photocatalytic activity.
5. Evaluate the stability of the photocatalysts by conducting structural characterization after
the degradation experiments.
6. Perform reusability tests to assess the recyclability of the photocatalysts by repeating the
degradation process.
7. Conduct immobilization tests using phenol to assess the viability of the materials above
laboratory scale.

8. Investigate the antimicrobial effects of hydrothermally synthesized samples.



3. Experimental methods
3.1. Synthesis of titanate samples

Strontium (STO), calcium (CTO), and barium (BTO) titanates were synthesized via
sol-gel methods. Although hydrothermal and coprecipitation approaches were also explored in
preliminary studies, the sol-gel route was ultimately chosen because the resulting catalysts
proved to be overall the most effective. In this method, precursors were combined at a 1:1
molar ratio and vigorously stirred to form a homogeneous sol, which was then dried in a
Memmert UNB500 oven to obtain a gel. The resulting xerogels were calcined using the rapid
heating short exposure (RHSE) method [1].

All sol-gel samples were prepared following the same approach: components were
mixed to achieve a stoichiometric Sr/Ca/Ba:Ti molar ratio of 1:1, followed by drying to form
a gel and calcination of the xerogels to obtain crystalline materials. Calcination was conducted
via the RHSE method with a constant air flow of 0.5 L/min. The temperature was increased in
three stages (60, 20, and 10 °C/min) with the heating rate gradually reduced near the target
temperature to prevent overheating. Once the target was reached, the temperature was held for
5 minutes. The calcination temperature for each catalyst was optimized based on the results of
thermogravimetric (TG) analysis, ensuring the complete decomposition of residual organics
and the formation of pure crystalline phases.

X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron

microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and diffuse reflectance spectroscopy

(DRS) were used for the characterization of the materials.

3.2. Photocatalytic activity evaluation

Oxidation tests were conducted in a thermostated (25 °C) glass reactor illuminated by six UV-
A lamps (Amax = 365 nm). Pollutants included phenol (0.1 mM), chlorophenol (0.1 mM), and oxalic acid
(5-10 mM). Suspensions were stirred in the dark to reach adsorption-desorption equilibrium before
illumination. Degradation was monitored via HPLC using methanol/water or H,SO4 eluents, depending
on the analyte.

CO:z2 reduction by BTO was evaluated in a UV-illuminated quartz microreactor using
a CO2:H2(1:2) gas mixture. Catalysts were immobilized on a glass cylinder and pretreated with
Ar, Oz, and H.. Products were analyzed using gas chromatography with TCD and FID

detectors.



Disinfection studies were carried out using hydrothermally synthesized titanates
against E. coli and B. licheniformis, prepared following Bodor et al. [2]. Photocatalyst
suspensions in 0.9 wt% NaCl were irradiated in a glass reactor surrounded by UV lamps.
Colony counts were determined post-incubation. Hydroxyl radical generation was assessed via

coumarin degradation to 7-hydroxycoumarin [3].

3.3. Catalyst immobilization

The top-performing STO sample was immobilized on ceramic paper using titanium
isopropoxide as an adhesive. After UV curing, STO suspension was spray-coated and re-dried.
The immobilized photocatalyst was tested for phenol degradation under UV light (A_max = 355
nm, 40 W) with HPLC monitoring.

4. Perspective Novel Findings

T1: The samples prepared via the RHSE method showed comparable photocatalytic

activity relative to conventional calcination, while being more cost-efficient.

The RHSE method was successfully integrated into the sol-gel synthesis of alkaline earth metal
titanates (STO, CTO, and BTO), replacing conventional calcination. This substitution resulted
in comparable or even superior photocatalytic activity for the prepared titanate catalysts (the
differences were within ~10% in degradation yields in all cases). From an economic standpoint,
the RHSE method offers a more cost-efficient alternative by reducing power consumption
across all synthesis types (STO: 1742 to 1120 kW, CTO: 1920 to 1260 kW, and BTO: 1870 to
1320 kW) along with a shorter treatment time of 5 minutes. These advantages make rapid
calcination a plausible method not only in terms of photocatalytic activity, but also a financially

and environmentally attractive alternative.

T2: The catalysts prepared via the RHSE method exhibited high stability against non-
acidic functional group-containing pollutants.

The alkaline earth metal titanate catalysts demonstrated overall good structural stability during
the photocatalytic degradation processes. When used for the degradation of phenol and
chlorophenol (compounds containing hydroxyl and halide groups, respectively), only minor
structural changes were observed: primarily, the formation of alkaline earth metal carbonates.

These changes did not significantly affect photocatalytic performance. However, in the case of



oxalic acid (containing carboxylic groups), structural changes were observed (Ca-oxalate for
CTO, and Sr(OH). for STO). Importantly, the stability of RHSE-synthesized STO was further
investigated by comparing their activity in suspended and immobilized setups: the
photocatalytic efficiency observed in suspension was largely maintained (the yield observed

was only lower by ~2.5%) when the catalysts were immobilized on a ceramic paper.

T3: The RHSE synthesis yielded titanium dioxide species alongside CaTiOs. The amount
and type of titania were dependent on the calcination temperature.

During the sol-gel synthesis of calcium titanate, 10-20 wt.% of titanium dioxide phases were
also formed. The type of titania present on the surface of the CTO depended on the applied
calcination temperature, with anatase and brookite phases forming at lower temperatures, and
rutile at higher temperatures. The presence of anatase and brookite titania phases significantly
enhanced the overall photocatalytic activity of the composite material compared to the
commercial CTO reference, primarily attributed to improved charge separation facilitated by
these heterojunctions. In contrast, higher calcination temperatures reduced the specific surface
area and favored rutile formation, resulting in lower photocatalytic activity.

T4: Barium titanate is more active in photocatalytic CO2 reduction than in the

photocatalytic oxidation of different pollutants.

BTO samples prepared using the RHSE method exhibited relatively limited activity in the
oxidative degradation of pollutants such as phenol, chlorophenol, and oxalic acid. In contrast,
they demonstrated remarkable performance in photocatalytic CO- reduction. All exhibited CO
selectivity greater than 99.95%, with conversion rates strongly correlating with specific surface
area. A larger surface area provides more active sites for photocatalytic reactions, thereby
enhancing interactions with reactants and promoting higher CO formation rates. This contrast

underscores the potential of BTO materials for selective CO2 conversion to CO.
T5: Environmental Safety of Alkaline Earth Metal Titanates

Toxicological assessment of alkaline earth metal titanates revealed that their presence either
does not enhance or outright decreases their inactivation efficiency against Gram-negative E.
coli and Gram-positive B. licheniformis bacteria under UV light. Based on PL results,

disinfection efficiency correlated with hydroxyl radical generation. It was ascertained that



alkaline earth metal titanates are unlikely to cause harm to microorganisms in surface or

groundwater bodies without undergoing further changes.

5. Scientific Activities
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