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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini The use of alkaline earth metal titanate perovskites across various industries is increasing due to their wide
application possibilities. However, this raises concerns regarding their potential environmental impact, including

Keywords: microorganisms living in or entering surface water bodies. Accordingly, calcium, strontium, and barium titanates

Photocatalysis were hydrothermally prepared to investigate their photocatalytic disinfection efficiency against Gram-negative

Alkaline earth metal titanates Escherichia coli and Gram-positive Bacillus licheniformis bacteria under UV-A light irradiation. The photo-

Phenol . . . . . .
Diseirri(f)ection catalysts were characterized by X-ray diffraction, scanning electron microscopy, diffuse reflectance spectroscopy,
E. coli and infrared spectroscopy measurements. Their photocatalytic activity was also evaluated by the photocatalytic

B. licheniformis oxidation of phenol. Commercially available alkaline earth metal titanates were used as references. For phenol
degradation, our strontium titanates had significantly better photoactivity than calcium and barium titanates (ro
= 41.60 compared to 4.28 and 10.03 x 107 1% M 57}, respectively), while being considerably more efficient than
the commercial references. This result was attributed to the presence of SrCO3 acting as a co-catalyst, higher
specific surface area, and more favorable band positions, enabling the generation of hydroxyl radicals. Disin-
fection results show that unmodified alkaline earth metal titanates have no or negligible disinfectant effect.
Hydrothermally synthesized calcium and strontium titanates generated more hydroxyl radicals than the hy-
drothermally synthesized barium titanate and the references. For E. coli, the former samples had nearly identical
disinfectant effect to UV-A light (~80 % bacterial inactivation over 2 h), while the other catalysts, which
generated significantly fewer hydroxyl radicals, decreased the disinfection efficiency of UV-A light by ~40-70 %
due to the catalyst particles screening the photons from bacteria. A similar trend was observed for B. licheniformis
with higher disinfection efficiencies (100 % for UV-A light and the most efficient samples under 1 h) and higher
activity reductions of ~30-100 %. These results contribute to the decision-making process regarding the risks
associated with alkaline earth metal titanate perovskites in various industries.

1. Introduction (STO), and barium titanate (BTO), these promising properties include
low cost, nontoxicity, photocorrosion resistance, relatively high photo-

Titanate perovskites have received significant attention due to their activity (STO [3]), high dielectric constant (CTO [4]), and ferroelec-
promising properties making them suitable for ferroelectric, optoelec- tricity, spontaneous polarization, and piezoelectricity (BTO [5]). The
tronics, piezoelectric, and photocatalytic applications [1,2]. For alkaline photocatalytic applicability of alkaline earth metal titanates has also
earth metal titanates, i.e., calcium titanate (CTO), strontium titanate been widely investigated for water splitting [6], water purification [4,
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7-12], air purification [13], hydrogen generation [14], metal reduction
[11,15], CO2 hydrogenation [16], and nitrogen fixation [14], just to
name a few. For investigating photocatalytic water purification, most
studies use dyes [17-19], and the potential photocatalytic disinfection
efficiency of alkaline earth metal titanates is rarely studied [1].

It is well known that higher specific surface areas are desirable for
photocatalytic applications [20], as photoinduced processes occur on
the surface of catalysts [21]. Larger surfaces can be developed by
decreasing the primary crystallite size, designing suitable morphologies
[22] and layered structures [23,24]. However, nanosized particles pose
greater environmental risks than macroscopic ones [25]. These risks
include phytotoxicity, bioaccumulation in plants, acute and chronic
diseases in humans and animals, and altered ecological niches of mi-
crobes [26,27]. It has also been shown that nanoparticles can undergo
changes when released and exposed to soil, changing their mobility,
bioavailability, and toxicity [28,29]. Toxicity for bacteria is manifested
in their inactivation mediated by reactive oxygen species [30]. These
species first initiate an external cell membrane attack [31,32], which
presumably changes membrane permeability [33,34]. The compromised
membrane gives rise to the leakage of small ions and molecules [35],
followed by impaired respiration activity or damaged macromolecules
(DNA, RNA, proteins) [36], finally leading to the lysis of the cell.

Based on the mechanism of the disinfection effect, related studies can
be divided into different categories. Alkaline earth metal titanates can
show a disinfection effect due to different mechanisms, which include,
but are not limited to intrinsic [37], piezocatalytic [38,39], pyroelectric
[40], photocatalytic [15,41], and phototermocatalytic [42] means. For
CTO, the piezocatalytic disinfection efficiency of Ag/TiO2/CTO com-
posite [39] and photocatalytic antibacterial properties of Ag-modified
CTO [15] have been investigated; however, in these works, CTO was
either used as a composite constituent or modified with silver, which is
well-known for its antibacterial effect. Similarly, for STO, the photo-
termocatalytic disinfection efficiency of CuyO/Ag/SrTiOs composite
[42] and photocatalytic disinfection efficiency of Rh-doped STO under
visible light have been widely investigated [8,43-45]. Last, for BTO, the
piezocatalytic antibacterial effect with persulfate activation [38] or
poled BTOs [46], pyroelectric radical formation with Pd-modified BTO
[40], intrinsic disinfectant effect [37], and the photocatalytic disinfec-
tion effect of poled BaZrTiO3 [41] have already been investigated. In all
these works, the catalysts were either doped, modified with metal
deposition, combined, or the disinfection was not carried out by pho-
tocatalytic means.

This study aims to systematically investigate the intrinsic and pho-
tocatalytic disinfection effect of hydrothermally synthesized CTO, STO,
and BTO alkaline earth metal titanates using Gram-negative E. coli and
Gram-positive Bacillus licheniformis bacteria. To the best of our knowl-
edge, such a systematic investigation has not been carried out so far [1].
The photocatalytic oxidation activity using phenol as a model pollutant
is also considered. Commercially available alkaline earth metal titanates
are used as references. An attempt is also made to correlate character-
ization results with the photocatalytic activities observed.

2. Experimental
2.1. Materials

Strontium nitrate (Molar Chemicals, >99 %), calcium nitrate (Sigma-
Aldrich, 99 %), and barium nitrate (Thermo Scientific, >99 %) together
with Aeroxide P25 TiO3 (Acros Organics, >99.5 %) were used as CTO,
STO, and BTO precursors, respectively. Potassium hydroxide (VWR
Chemicals, Ph. Eur.) was used to dissolve P25 TiOo, and ultrapure water
(Millipore Milli-Q) was used as the solvent. Phenol (Spektrum 3D,
analytical grade), E. coli K12, and Bacillus licheniformis bacteria were
used to evaluate photoactivity. Coumarin (Sigma Aldrich, >99 %) was
used to follow hydroxyl radical formation. Commercially available CTO
(Sigma-Aldrich, 99 %), STO (Alfa Aesar, 99 %), and BTO (Sigma-
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Aldrich, >99 %) photocatalysts were used as references.

2.2. Synthesis

The alkaline earth metal titanates were synthesized following a hy-
drothermal method reported by Jiang et al. who prepared strontium
titanates [47]. We tested several synthesis methods, but only with the
abovementioned approach did we observe that by replacing the
alkaline-earth-metal-containing starting material (which were nitrate
salts in all cases for consistency and to minimize possible variables) we
obtained a product with the desired crystallinity and purity. First, 18.75
mmol of alkaline earth metal nitrate was added to 30 mL of Milli-Q
water under vigorous stirring. At the same time, in a separate beaker,
1.08 mol (60.59 g) of potassium hydroxide was slowly added to 60 mL of
Milli-Q water. Second, 15 mmol (1.2 g) of P25 TiO, was dissolved in the
potassium hydroxide solution after it cooled to room temperature. The
reason for using excess alkaline earth metal salt (18.75 mmol) compared
to P25 TiO5 (15 mmol) was to prevent the formation of TiO5 as a final
product. Third, the contents of the two beakers were added together,
and the mixture was stirred for 1 h. Then, the mixture was transferred
into a 150 mL Teflon-lined stainless-steel autoclave and subjected to
hydrothermal treatment for 12 h at 180 °C. Fourth, the product was
washed two times with 96 % ethanol and two times with Milli-Q water
using centrifugation (4400 rpm, 15 min) to separate the nanoparticles
after each washing cycle. Last, the catalyst was dried at 40 °C overnight
and ground in an agate mortar.

Our samples were named “CTO_HT”, “STO_HT”, and “BTO_HT",
which refer to calcium, strontium, and barium titanate prepared via the
hydrothermal method, respectively. The commercial references, in the
same order, were named “CTO_Ref”, “STO_Ref”, and “BTO_Ref”.

2.3. Characterization methods and instrumentation

A Rigaku Miniflex II diffractometer was used to obtain X-ray
diffraction (XRD) patterns for the investigation of crystalline composi-
tion by applying the following parameters: Acy ko = 0.15406 nm, 30 mA,
40 kv, 20-80 (20°) region. Average crystallite sizes were calculated
using the Scherrer equation:

- KA €))
Pria cos 0

where D is the primary crystallite size, K is the shape factor (0.9), A is
the wavelength of the X-rays (0.15406 nm), Pry is the full width at half
maximum, 0 is the Bragg angle. A Hitachi S-4700 Type Il microscope was
used to take scanning electron microscopy (SEM) images for the inves-
tigation of morphology and calculation of aggregate size distribution
histograms using an acceleration voltage of 10 kV. A Rontec QX2 de-
tector was used applying a voltage of 20 kV to capture X-ray photons
during SEM analysis for the investigation of chemical composition via
energy-dispersive X-ray (EDX) analysis. A NOVA 3000e device was used
to carry out 5-point nitrogen adsorption measurements for the investi-
gation of specific surface areas using the Brunauer-Emmett-Teller (BET)
method:

Ag =Ny ay Ny 2

where Ag is the specific surface area, np, is the monomolecular coverage,
any is the cross-sectional area of the adsorbate (16.2 x 10720 m? per
adsorbed nitrogen molecule) and N is the Avogadro number (6.022 x
102 mol™). A Shimadzu UV-3600 Plus spectrophotometer equipped
with an integration sphere was used to carry out diffuse reflectance
spectroscopy (DRS) measurements for the investigation of optical
properties. The band gaps of the photocatalysts were obtained via the
1st-order derivative DR spectra [48]. A Bruker Vertex 70 FTIR instru-
ment was used to record Fourier transform infrared (FTIR) spectra for
the investigation of functional groups. The spectra were recorded
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between the 400 and 4000 cm ! range with a resolution of 4 cm™!. A
SPECS PHOIBOS 150 MCD system was used to carry out X-ray photo-
electron spectroscopy (XPS) measurements and thus determine the
valence band (Eyp) maximum values of the samples. The instrument
consisted of a monochromatic Al-Ka source (1486.6 eV), a hemispheri-
cal analyzer, and a charge neutralization device. The X-ray source was
operated at 200 W, while the pressure of the analysis chamber ranged
from 107° to 1071° mbar. After determining the Eyg and band gap
values, the conduction band (Ecg) minimum values were calculated
following the Ecg = Evp + Eband gap €quation.

2.4. Determination of photocatalytic activity

Phenol (cp = 0.1 mM) degradation experiments were carried out as
follows. The photocatalyst (m = 100 mg) was added to the phenol so-
lution (V = 100 mL), and after ultrasonication (t = 5 min) in an Ultra-
pulse PS 60A ultrasonication bath, the suspension was transferred into a
double-walled glass photoreactor. The photoreactor was surrounded by
six UV fluorescent tubes (Novelite T5, UV-A, 6 W; A0 = 365 nm). The
temperature was maintained at 25 °C, and a constant air supply was
provided (to keep the dissolved oxygen level constant) during the 4-h-
long measurements. Before turning on the lamps, the suspension was
stirred in the dark for 15 min to reach adsorption—desorption equilib-
rium. Phenol concentration changes were followed by high-performance
liquid chromatography (HPLC). The chromatograph consisted of a
Merck Hitachi L-7100 low-pressure gradient pump and a Merck-Hitachi
L-4250 UV-vis detector. A 50:50 (V/V) methanol/water mixture was
used as the eluent, a LiChrospher C18 column was used as the stationary
phase, and the absorbance values were recorded at A = 210 nm.

Disinfection experiments with Escherichia coli and Bacillus lichen-
iformis KK1 bacterial strains were conducted in the same photoreactor as
the phenol degradation experiments. For this purpose, the photocatalyst
was added to 100 mL of 0.9 wt% NacCl solution and homogenized by
ultrasonication. This was followed by the addition of bacteria, which
was prepared as follows. E. coli and B. licheniformis starter cultures were
incubated in Luria-Bertani broth (LB: 10 g L™ tryptone, 10 g L™} NaCl, 5
g L7! yeast extract) on a rotary shaker (160 rpm) at 30 °C and 42 °C,
respectively, until the ODgoo reached 1.0. The cells were centrifuged
(13,000 rpm, 5 min, 4 °C), resuspended, and then diluted a hundredfold
using a sterile 0.9 wt% NaCl solution. This cell suspension was added to
the investigated solution (pH ~ 7) to reach the initial colony-forming
unit (CFU) of approximately 10* CFU mL~!. During the photocatalytic
disinfection experiments, serial dilutions of each sample taken were
plated onto LB agar media [49]. Last, CFUs were enumerated after a
2-day incubation at 25 °C to evaluate disinfection activity. Reproduc-
ibility data are expressed as mean =+ standard errors.

Hydroxyl radical generation was followed by the photocatalytic
degradation of coumarin (cp = 0.1 mM), which yields 7-hydroxycou-
marin (7-HC). The amount of fluorescent 7-HC formed corresponds to
that of the hydroxyl radical generated. The measurements were con-
ducted in the same photoreactor system as the phenol degradation and
bacteria inactivation experiments. The amount of 7-HC formed was
measured by photoluminescence (PL) measurements (Horiba Jobin
Yvon Fluoromax-4), applying excitation and detection wavelengths of
350 and 453 nm, respectively.

SNGF) HO. 0.0
@ + 2°0H —s \@j + 2H0

coumarin 7-hydroxycoumarin

3. Results and discussion
3.1. Structure, morphology, optical properties, and surface properties

First, the crystalline composition of our samples was investigated
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and compared to that of the references. For the CTO samples (Fig. 1a),
diffraction peaks at 23.32, 33.16, 47.56, 58.98, 59.36, 69.5, and 79.26
200 can be attributed to the (101), (121), (202), (321), (123), (242), and
(161) crystallographic planes of orthorhombic CTO (JCPDS No.
42-0423), respectively [4,50-52]. For the STO samples (Fig. 1b), re-
flections at 22.9, 32.4, 40.0, 46.4, 52.4, 57.7, 67.7, and 77.1 20°
correspond to the (100), (110), (111), (200), (210), (211), (220), and
(311) crystallographic planes of cubic STO (JCPDS No. 35-0734),
respectively [3,7,53]. For the BTO samples (Fig. 1c), diffraction peaks at
22.3°, 31.7°, 38.9°, 45.3°, 50.9°, 56.1°, and 65.8°, can be associated
with the (100), (110), (111), (200), (210), (211), and (220) Miller
indices of cubic BTO (JCPDS No. 31-0174) respectively [54,55]. In all
our samples, the signals of carbonate impurities appeared: the one at
29.4° corresponds to CaCOs [56], the ones at 25.2° and 25.8° corre-
spond to SrCOs3 [57,58], and the ones at 24.0° and 24.4° correspond to
BaCOs [59,60]. Considering the peak areas of the most intense diffrac-
tions, these peaks amount to 4.9 %, 6 %, and 5.3 % carbonate contents in
CTO_HT, STO_HT, and BTO_HT, respectively. Even the BTO_Ref sample
contains a minor amount of BaCOg; however, the signal-to-noise ratio is
so low that it does not reach the limit of quantification. The appearance
of these carbonate peaks can be explained by the presence of CO; in the
air, which can react with potassium hydroxide resulting in the reaction
of aqueous alkaline earth metal ions and carbonate ions [61,62].
Another possible source of carbonate impurities is the carbonate content
(K2CO3) of the KOH used for the synthesis. It is known that carbonates
can act as co-catalysts; however, their effect on photocatalytic activity is
mixed. In our previous studies, we found that SrCO3 in STO can increase
the concentration of active species, enhancing the photocatalytic ac-
tivity [3,63]; however, it can inhibit CH4 and CyHg production during
the photoreduction of COy [16,63]. Based on the Scherrer calculations
and nitrogen adsorption measurements (Fig. S1), primary crystallite
sizes were between 22.2 and 39.2 nm, while specific surface areas varied
between 2.1 and 34.0 m> g’l (Table 1). In most cases, specific surface
areas increased with decreasing primary crystallite sizes, as expected.

Second, the morphology of our samples and references were inves-
tigated, and the SEM micrographs with their corresponding size distri-
bution histograms are shown in Fig. 2. The morphology of all reference
alkaline earth metal titanates is similar: they contain shapeless, partly
rounded, partly angular particles that cannot be characterized by a well-
defined (secondary) morphology. The size distribution of the particles
that make up the samples is also very similar: they are between 0.1 and
2 pm in all cases. In contrast, both the morphology and size distribution
of our samples are very different. CTO_HT contains comparatively large
aggregates of well-defined rectangular prisms, which is in agreement
with the result for the specific surface area. The micrograph of STO_HT
shows primary crystallites (in contrast with the aggregates of most of the
other samples) with well-defined spherical morphology. The micro-
graph of BTO_HT shows both primary crystallites and aggregates. Please
note that the size distribution histograms are only accurate for CTO_HT
and STO_HT, while these values are only approximate for the rest of the
samples due to their irregular morphologies.

Third, the optical properties of the samples were considered, and the
DRS results are shown in Fig. 3. For the evaluation of band gaps, the
first-order derivative method [48] was used. The most frequently re-
ported band gap values for CTO, STO, and BTO are ~3.5-3.6 [52,64],
~3.2 [65,66], and ~3.2 [67,68] eV, respectively (although for BTO,
these values range from 3.0 to 3.6 eV [1,69]). The band gaps obtained
are in good agreement with these reported values. Based on them, all
investigated samples are UV-active and cannot be excited by visible
light.

Fourth, the surface properties of the samples were investigated by IR
measurements, and the results are shown in Fig. 4. Overall, in the low
wavenumber region (400-800 cm_l), three bands can be observed in all
samples: a smaller band at 430-450 cm™!, a larger band at 550-610
cm™!, and a shoulder centered at 640-710 cm™! (which is not always
well-defined). They can be attributed to the bending and stretching
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Fig. 1. XRD patterns of hydrothermally prepared and reference (a) calcium titanates, (b) strontium titanates, and (c) barium titanates.

Table 1
Size, band gap, specific surface area, and phenol degradation rates of the sam-
ples investigated.

Sample Mean crystallite Band gap  Specific surface T0,phenol
name size (nm) (eV) area (rn2 g’l) (10’10 M s’l)
BTO_HT 33.4 3.26 24.1 10.03
BTO_Ref 31.8 3.25 11.5 8.89
STO_HT 22.2 3.35 34.0 41.60
STO_Ref 39.2 3.27 2.1 32.96
CTO_HT 36.8 3.51 2.4 4.28
CTO_Ref 31.7 3.63 3.3 9.99

vibrations of TiOg octahedra [70], Ti-O asymmetric stretching vibra-
tions, and Ti—O-Ti asymmetric stretching vibrations, respectively [71].
Vibrations specific to the given alkaline earth metal titanate also appear
in these regions: bands at 412, 576, and 745 em! correspond to Ba-O
[72], Ca-TiOs [73], and Sr-O [71] vibrations, respectively. The weak
and narrow bands in our samples (i.e., in the non-reference samples) at
~860-870 cm ™! and the comparatively more intense and broader bands
at 1430-1460 cm ! can be attributed to carbonates [74], which is
consistent with the XRD results. These bands are present in BTO_Ref too
with significantly lower intensities, which is also in good agreement
with the XRD pattern observed because this is the only reference sample
where a carbonate-specific reflection was observed. Last, the weak
broad band centered at ~3400 cm ™! shows the stretching and bending
vibrations of surface -OH/H0 groups [75,76].

Last, based on the DRS and XPS results, the Eyp, Ecg and band gap
values were summarized in Table 2.

We found that our results for CTO are in good agreement with the
literature, even though for STO_HT and BTO_HT, the differences are
more significant. It is worth highlighting that these values are not
consistent in the literature either. This statement is also supported by
Fujisawa et al., who investigated the valence and conduction band edges
of TiO,, SrTiO3, and BaTiO3 [80]. Nevertheless, comparing the VB po-
sitions of our samples to the potential required for the HO/eOH reac-
tion (i.e., 2.73 eV; [81,82]), it can be said that even though these
potentials do not reach the potential required for hydroxyl radical
generation, the order of the observed hydroxyl radical generation (i.e.,
STO_HT > CTO_HT > BTO_HT) is in good agreement with the order of
these valence band positions. In other words, catalysts with valence
band positions closer to the potential required for hydroxyl radical
generation indeed generated more hydroxyl radicals.

3.2. Photocatalytic activity

3.2.1. Photocatalytic oxidation of phenol

The photocatalytic activity of the samples was evaluated not only via
photocatalytic disinfection but via phenol degradation too (Fig. 5 and
S2). In the absence of photocatalysts, only ~3 % of phenol was degraded
due to photolysis during the 4-h-long experiments. Since phenol is a
weakly adsorbing molecule, no changes in its concentration were
observed during the adsorption experiments (i.e., 15 min stirring in the
dark). The CTO and BTO samples had low photoactivity: the conversion
values observed were below 15 % in all cases. In contrast, the STO
samples performed significantly better. Our STO_HT sample degraded
nearly twice as much phenol (~43 %) than commercial STO_Ref (23 %).
The reason for these differences probably lies in the free radicals
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Fig. 2. SEM micrographs and corresponding size distribution histograms of
hydrothermally prepared and reference alkaline earth metal titanates.

generated. It is known that reactive oxygen species are needed for the
degradation of phenol. For example, reaction with hydroxyl radicals
results in the formation of catechol and hydroquinone, while direct
oxidation with holes results in the formation of resorcinol when TiO; is
used [83]. Moreover, in our previous study, we found that catalysts with
high disinfection efficiency have notable phenol degradation efficiency
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Fig. 4. IR spectra of hydrothermally prepared and reference alkaline earth
metal titanates.

Table 2
Comparison of valence band, conduction band, and band gap values obtained in
this study with literature data.

Sample name Eyg (eV) Ecg (eV) Band gap (eV) Reference
BTO_HT 1.51 -1.75 3.26 This study
BTO 2.28 —-1.05 3.33 [771
STO_HT 2.31 —1.04 3.35 This study
STO 291 -0.29 3.2 [78]
CTO_HT 2.17 -1.34 3.51 This study
CTO 2.05 —1.48 3.53 [79]

too; however, high phenol degradation efficiency does not necessarily
translate to high disinfection efficiency [84]. It is also known that for the
generation of hydroxyl radicals, the valence band maximum of photo-
catalysts must be more positive (i.e., in a lower position) than the po-
tential required for the HyO/eOH reaction (in the relative energy scale, i.
e., vs Exgg). Considering the band positions of alkaline earth metal ti-
tanates based on the literature (Fig. 5), the generation of hydroxyl
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Fig. 5. Photocatalytic oxidation of phenol (cy = 0.1 mM) with alkaline earth metal titanates under UV-A light irradiation (left) and band positions [77-79,86] of

alkaline earth metal titanates and titanium dioxide (right).

radicals is unfavored for CTO and BTO, whereas it is favored for STO.
This statement was verified by detecting 7-HC formation via PL mea-
surements during the degradation of coumarin (Fig. 6), as the reaction of
coumarin with hydroxyl radicals produces fluorescent 7-HC [85]. The
results show that initial hydroxyl radical generation is indeed the
highest for the most efficient STO_HT sample. The decrease of 7-HC
(corresponding to hydroxyl radical) amount generated over time can
be explained by the catalysts also degrading the formed 7-HC. These
results are in rather good agreement with the observed phenol degra-
dation activity, partly explaining the overall low photoactivity of CTO
and BTO and the comparatively higher photoactivity of STO.

3.2.2. Photocatalytic degradation mechanism

The mechanism of phenol degradation has been extensively inves-
tigated in the literature [87,88]. Based on the published results, the
possible reactions and byproducts are summarized in Fig. 7.

During the phenol degradation experiments, hydroquinone forma-
tion was observed only for STO_HT (Fig. S6), which also supports the PL
results. No significant differences were observed in the amounts and
evolution trends. The formation of hydroquinone is possible due to the
directing effect of the phenolic OH group on the benzene ring. This re-
sults in the attack of ¢OH radical at either the ortho or para positions, the
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Fig. 6. Hydroxyl radical generation measured by fluorometric detection of 7-
hydroxycoumarin formation during coumarin degradation.

latter being the dominant one in this case. In summary, the HPLC and PL
results prove the contribution of ¢OH radicals in the phenol degradation
mechanism.

The higher photoactivity of STO_HT compared to STO_Ref can be
attributed to several factors. One such factor is carbonate content. Based
on our XRD and IR results, STO_HT contains SrCO3, whereas STO_Ref
does not. In our previous study, we investigated how carbonate impu-
rities influence photoactivity [63]. In SrTiO3-SrCO3 composites,
improved charge separation takes place: photogenerated electrons in the
conduction band of SrTiO3 move to the conduction band of SrCOs
positioned at a slightly lower energy level. As a result, more holes
remain in the valence band of STO (as the possibility of recombination is
thus reduced), which can result in higher ¢OH concentrations. In this
work, the results of radical scavenger experiments (investigating the role
of h', 03, and eOH with ammonium oxalate, 1,4-benzoquinone, and
isopropanol, respectively) showed that the involvement of ¢OH was the
most pronounced. Moreover, based on in-situ EPR measurements, not
only hydroxyl radicals but carbonate anion radicals can also form
(CO3), which are weaker oxidizing agents than eOH radicals, but can
still contribute to photocatalytic degradation. Another factor influ-
encing photoactivity is specific surface area. Based on our nitrogen
adsorption and SEM results, we found that STO_HT has a significantly
larger specific surface area than STO_Ref. The larger specific surface
area of the former might contribute to the higher photoactivity by
providing more active sites for photocatalytic reactions [20] (although
this factor is less relevant due to the weak adsorption of phenol).
Regarding the CTO and BTO samples, their very low photocatalytic
activity prevents determining the mechanism reliably; thus, such
investigation was not considered in this study.

3.2.3. Photocatalytic disinfection

The photocatalytic disinfection efficiency of the samples was inves-
tigated first by Gram-negative E. coli inactivation and the results ob-
tained after 2 h of UV-A irradiation are shown in Fig. 8a. Similar to the
phenol degradation results, our samples performed better than the
reference samples in most cases. In the absence of catalysts, UV-A light
alone already inactivated more than 80 % of E. coli bacteria over the
course of the experiment. Somewhat surprisingly, the addition of most
catalysts (except for STO_HT and CTO_HT) decreased the disinfection
efficiency. This can be explained by the screening and scattering effect of
catalyst particles (c = 1 g L™1), blocking and absorbing the UV photons
that activate them [89]. The fact that these catalysts (STO_Ref, CTO_Ref,
BTO_Ref, and BTO_HT) generated only a comparatively low amount of
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hydroxyl radicals can be the reason for their low photocatalytic disin-
fection inefficiency. For STO_HT and CTO_HT, photocatalytic disinfec-
tion efficiency did not decrease; however, it did not increase either. This
result can also be associated with their hydroxyl radical generation.
These catalysts initially generated ~2.5-4 times more hydroxyl radicals
than the other samples. It is plausible that catalysts generating more
hydroxyl radicals are more toxic to microorganisms since they do not
have enzymatic capacities to neutralize them [30]. The resultant of the

screening effect and generated hydroxyl radicals led to the measured
photocatalytic efficiency.

It is also worth highlighting that hydroxyl radical formation settles to
alargely constant and similar value for all samples over time. As implied
in the previous section, initially, only coumarin is present in the system,
so the catalysts can react only with it without competition. Over time,
however, intermediates of coumarin form (7-HC in this case), leading to
their simultaneous competitive degradation. That is why 7-HC
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formation becomes largely constant (Fig. 6) as the generation and
degradation steps balance each other out over time.

The disinfection efficiency was also investigated using Gram-positive
Bacillus licheniformis. Overall, the catalysts possessed higher photo-
catalytic activity for B. licheniformis than for E. coli. After only 1 h of UV-
A irradiation, 100 % disinfection efficiency was observed for blank UV
light, STO_HT, and CTO_HT (Fig. S3). This is the same trend we observed
for E. coli. In comparison, inactivating E. coli bacteria was 20 % less
efficient in twice the time. Considering the same periods (i.e., 2 h), all
catalysts achieved nearly 100 % bacterial inactivation for B. licheniformis
(Fig. 8b). These results are in good agreement with the literature as it has
been reported that due to the different structure and composition of
Gram-positive bacterial cell walls, they are more susceptible to photo-
catalytic treatment than Gram-negative bacteria [34,90,91]. However,
it is important to highlight once again that these apparent high disin-
fection efficiencies predominantly originate from UV light, and the
catalysts either do not change or outright reduce them, as discussed in
the first paragraph of this section. For reference, the photocatalytic
bacterial inactivation curves (Figs. S4 and S5) and measurements with
commercial reference P25 TiO; are included in the supplementary ma-
terial. Last, it is worth mentioning that under visible light no photo-
catalytic disinfection efficiency can be expected as the band gaps of the
catalysts are too wide, preventing their activation and subsequent free
radical generation.

In summary, the alkaline earth metal perovskites investigated do not
show disinfection properties in the absence of light, while their ability to
inactivate bacteria is also fairly limited in the presence of UV light. It is
worth reiterating that our main goal with these investigations was to
evaluate the disinfection effect of unmodified alkaline earth metal ti-
tanates, not to enhance it via various modifications. These perovskite
materials are becoming increasingly common due to their different ap-
plications [1,61,92-95]. Based on our results (i.e., their efficiency either
decreases or remains unchanged under UV light), these perovskites are
unlikely to cause harm to microorganisms in surface or groundwater
bodies without undergoing structural or other changes. This is particu-
larly the case in the absence of light (e.g., in groundwater), while their
disinfection effect is rather poor in the presence of light.

3.2.4. Stability and reusability

The stability of the hydrothermally synthesized catalysts was eval-
uated by comparing their XRD patterns and SEM micrographs before
and after phenol degradation (Fig. S6). No new diffractions were
observed, and the morphology did not change either during the photo-
catalytic evaluation, showing the high stability of the samples. Their
reusability was also evaluated via phenol degradation over three cycles
(Fig. S7). Exceptional and reasonably high reusability was observed for
CTO_HT and BTO_HT, respectively. However, the efficiency of STO_HT
decreased significantly (from ~43 % conversion to ~21 % conversion),
which can partly be attributed to the unavoidable losses during catalyst
recovery. Since the efficiency of CTO_HT and BTO_HT for phenol
degradation is rather small, the photoactivity loss from catalyst recovery
did not impact their efficiency as significantly.

4. Conclusions

The alkaline earth metal titanates prepared via a hydrothermal
method and the commercial references had primary crystallite sizes
between 22.2 and 39.2 nm and specific surface areas between 2.1 and
34.0 m? g~!. Hydrothermally synthesized samples contained 4.9-6 %
carbonates. The photocatalytic phenol degradation activity of our
alkaline earth metal titanates always surpassed that of commercial ref-
erences. Our strontium titanate performed significantly better than
calcium and barium titanates (rop = 41.60 compared to 4.28 and 10.03 x
10719 M s71, respectively). The high photoactivity was attributed to i)
the presence of SrCO3 co-catalyst enhancing charge separation and
generating more eOH radicals, ii) the highest specific surface area, and
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iii) the favorable valence band position enabling the generation of «OH
radicals. The systematic (photocatalytic) disinfection efficiency of
alkaline earth metal titanates was investigated for the first time. In the
absence of catalysts, UV-A light inactivated ~80 % E. coli and 100 %
B. licheniformis bacteria over 2 and 1 h, respectively. Only the disinfec-
tant effects of CTO_HT and STO_HT were comparable to that of UV-A
light, while the other catalysts decreased it by ~30-100 %. These re-
sults were attributed to the resultant of the screening effect and the
number of generated hydroxyl radicals. The hydrothermally synthesized
catalysts proved to be reusable and stable in most cases, except for
STO_HT, whose efficiency was halved over three cycles. This study
contributes to understanding the potential risks of utilizing alkaline
earth metal titanate perovskites across various industries, and thus, to
environmental sustainability.
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