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Abstract

Photocatalysis is recognized as a sustainable technology for wastewater treatment, but it is limited
by its scalability and efficiency. Here, we report the fabrication of a bespoke photocatalytic
reactor, made from readily available consumer market components. The reactor was loaded with
glass rods coated with a bismuth titanate photocatalyst deposited by reactive pulsed DC
magnetron sputtering. Bismuth titanate 1s a remarkable material, which has shown the property
of increasing its photocatalytic capabilities over repeated usage due to photoinduced oxygen
vacancies, forming oxygen-vacancy rich “black” bismuth titanate. The reactor was tested with
different rod configurations and photocatalytic material was cycled over 25 times, equivalent to
125 h of consecutive use, against methylene blue dye under UV light. Orange 1II dye degradation
tests carried out in the presence of scavengers revealed that photocatalytic reactions were driven
by superoxide (03°) and holes (h*), when using pristine bismuth titanate and by superoxide
(03), electrons (e7) and holes (h*), when using “black” bismuth titanate. Finally, the reactor was
used to successfully degrade levofloxacin, a typical antibiotic, which was verified by UV-Vis
(ultraviolet-visible) spectroscopy and mhibition zone tests in the presence of three different
pathogens (£. colr, S. aureus and A. baumannii).

Keywords: Photocatalytic reactor; magnetron sputtering; wastewater treatment; bismuth titanate;
antibiotics.
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1. Introduction

High throughput manufacturing has improved the standards of living of the general population,
but this comes at a cost. The presence of pollutants in water from industries, such as coal, dairy,
textile, cannery, tannery, and paper, can be traced back to the 20" century [1]. More recently,
pharmaceuticals, cosmetics, petrochemicals, pesticides, microplastics, dyes, heavy metals and
others have become the major effluents all over the world and are sources of environmental and
human hazards. According to the World Health Organization (WHOQO), more than two billion
people still lack access to safely-managed water worldwide [2]. It 1s predicted that by 2025, half
of the world’s population will live in water-stressed areas [2]. As a result, access to adequate
provision of water resources 1s considered a global priority and i1s named as one of the UN
Sustainable Development Goals. This pressing issue calls for novel and sustainable technologies
to be developed and implemented, until new global and environmentally sensible policies are
adopted. Among the many pollutants found mn wastewater, antibiotics are of particular concern.

Antibiotic resistance 1s the capacity for microorganisms (e.g. bacteria) to survive the usually
damaging or lethal effects of antibiotic compounds. Whilst antibiotic resistance has always
developed naturally, anthropogenic activities, especially the overuse of antibiotics, has resulted
n a significant increase n the appearance of resistant microorganisms capable of causing deadly
infections across the world. As such, the WHO has declared antimicrobial resistance one of the
top ten global public health threats facing humanity [3]. Traces of antibiotics will inevitably make
their way into the wastewater system as a result of human and animal excretion, due to incomplete
metabolism, and disposal of unused drug wastes from pharmaceutical manufacturing processes
[4]. In addition to this, wastewater provides an ideal location for bacterial growth due to the
abundance of organic matter, the presence of oxygen and nitrate, stable temperatures and
adequate pH [4]. These conditions, in addition to sub-inhibitory traces of antibiotics, can result
m, and even increase rates relating to the evolution and transfer of resistance i and between
bacteria [5,6], which can result in large numbers of antibiotic-resistant bacteria being discharged
mto other water systems. As such, removing antibiotics from wastewater 1s of critical importance.

Although there 1s a wide variety of wastewater treatment plants, they typically operate with the
same sequential steps. First, wastewater undergoes a pre-treatment phase, where solid bulky
wastes are removed and flowed into a primary sedimentation tank. Floating fats and sediments
are removed and treated i sludge treatment facilities, while the remaining effluent 1s channelled
mto a secondary sedimentation tank [7]. The organic load in the wastewater 1s then considerably
reduced through the use of biological process, such as activated sludges. The final tertiary step
focuses on the mactivation of microorganisms and decomposition of pharmaceuticals, personal
care products, pesticides etc. It 1s usually achieved through chlorination, UV (ultraviolet)
radiation and ozonation [7]. Unfortunately, not only are those additional steps expensive, but
they are not always sufficient. Thus, antibiotics in concentrations ranging from pg.L" to ng.L"
were detected m wastewater treatment plant effluents in developed countries, such as Japan [8],
United Kingdom [9], Sweden [10], Croatia [11], Spain [12], China [13], Slovakia [14], Germany

and many more [15].

Photocatalysis 1s an advanced oxidation process (AOP) that was discovered in 1969 by Fujishima
and Honda when studying the splitting of water by T1O. (titanium dioxide) under UV light [16].
When a photocatalyst semiconductor is irradiated by a light with of sufficient energy (hv > Ej),
electron and hole pairs are formed in the conduction and valence band, respectively. These
charge carriers diffuse to the surface and react with surrounding molecules to form radical
species. To date photocatalysis has found many practical applications such as solar energy
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[17,18], hydrogen production [19,20], self-cleaning surfaces [21], and self-sterilising coatings [22].
Among them, photocatalysis found a promising place in wastewater treatment, as it only requires
a photocatalyst, light and water to decompose a wide range of pollutants, such as dyes [23-25],
pharmaceuticals [26,27], microorganisms [28-30], pesticides [31,32] etc. To date, titanlum
dioxide 1s still the most widely studied and used photocatalyst, even though it suffers from rapid
electron-hole recombination and can only utilise UV light, which accounts for less than 5% of
the solar spectrum [33]. These two issues hinder the widespread adoption of photocatalytic
wastewater treatment systems based on TiO.. To address these issues, efforts have been
undertaken to either modify T10.[34-37], or use alternative photocatalysts [38-40]. In recent
years, bismuth oxide-based photocatalysts have captured the attention of researchers, as possible
alternatives to T10.. Bismuth oxide [29,30,41], vanadate [42], tungstate [43] and titanate [44]
consistently displayed high photocatalytic activity and lower band gaps, compared to
conventionally used titania. This work focuses on bismuth titanate (BT), which possesses two
known photocatalytic polymorphs namely, B1: T10x and B1/T1:0:. [45,46]. The former belongs
to the Sillenite family and 1s formed by a network of Bi-O polyhedra connected to TiO.
tetrahedra [47]. The latter belongs to the Aurvillius family and composed of pseudo-perovskite
units (Bi:T1:0w)*, sandwiched by fluorite-like (Bi:O.)* layers [48]. Like titanium dioxide, all
bismuth titanate polymorphs are indirect bandgap materials [49]. Kallawar et al. reported that
the bandgap values for the Bi1:T1Ow polymorph range from 2.36 to 2.78 ¢V, which makes it a
suitable candidate for visible-light photocatalysis [50]. In a previous study, a bismuth titanate
composite, produced by magnetron sputtering, outperformed TiO: for both dye degradation and
L. colf mactivation tests under UV-A [51]. Bismuth titanate was as much as 15 times more
efficient at degrading MB under UV than anatase T1O. [51]. Furthermore, upon prolonged use
bismuth titanate coatings have shown the remarkable property of producing photoinduced
oxygen vacancies, which directly translated to a 6-fold increase in performance after 15
consecutive cycling tests. These oxygen vacancies appear to be responsible for the coating colour
change from white to black and are believed to act as trapping sites for electrons, which increases
their lifetime.

Induced defects in semiconductors 1s a strategy that has been extensively used in recent years, in
particular with T10O», the most widely-used photocatalyst [52]. ‘Black TiO." is the term that was
first coined by Chen et al. in 2011, to characterise defect-induced titanium dioxide, due to its
colour change from opaque white to black [52,563]. Electron trapping by surface defects and
oxygen vacancy (Vo) sites, and hole trapping by Ti3" sites result in enhanced visible light
absorption and reduced charge carrier recombination. Defects can be induced in T10O. through
a plethora of methods such as metal reduction, 1onothermal processes, plasma assisted processes,
NaBH.: (sodium borohydride) reduction, microwave radiation, laser ablation, ultrasonication,
electrochemical reduction etc [52]. In bismuth titanate, UV 1irradiation alone was sufficient to
mduce oxygen vacancies, resulting in significantly increased photocatalytic activity, which means
that in practice, one only has to use this photocatalyst to improve its performance [51]. The
mechanism behind the oxygen vacancy formation 1s not yet understood, but Ye et al. attributed
it to the low bond energy and long bond length of the Bi—O bond [54].

In the present study, the bismuth titanate photocatalyst was deposited by magnetron sputtering
onto glass stirring rods and mtegrated mnto a bespoke photocatalytic reactor named LCPR-II for
“Low-cost photocatalytic reactor II”. The fabrication process did not mnvolve any expensive
elements (quartz, membranes, air injector etc.) and relied almost exclusively on components
available in the consumer computer market. The design of the present reactor 1s based on the
LCPR-I (Low-cost photocatalytic reactor) [55]. The photocatalytic activity of the reactor was
mitially evaluated by assessing its ability to degrade methylene blue (MB) under UV-A with a
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varying number of coated rods. Then, the durability of the best-performing configuration was
assessed through 25 consecutives cycling tests, which progressively turned the coated rods from
white to black, as a result of UV induced oxygen vacancies, forming within the bismuth titanate
photocatalyst. The pristine bismuth titanate 1s thus referred to as pBT, while the black bismuth
titanate 1s referred to as bBT. The reactor with the best configuration of black bismuth titanate
coated rods was then used to decompose a solution of levofloxacin (LEVO). Levofloxacin 1s a
broad-spectrum antibiotic belonging to the fluoroquinolone group, it is used to treat bacterial
mfections such as pneumonia, sinusitis, urinary tract infections and gastroenteritis [56]. It 1s
considered an essential medicine by the World Health Organization (WHO) and a reserve
antibiotic used to prevent drug resistance when resistant microorganisms are encountered [57].

2. Materials and Methods

2.1. Sample deposition

Bismuth titanate (BT) thin films were deposited using a Nordiko sputtering rig, under a high
vacuum, achieved through a combination of rotary (BOC Edwards 80) and turbo molecular
(Leybold TMP1000) pumps. Two directly cooled 300x100 mm titantum and bismuth targets
(99.5% purity) were fitted, opposite one another, onto Teer Coatings Ltd unbalanced type 11
magnetrons. The distance between the target and the substrate was kept at 50 mm for all
deposition runs, as the substrate were placed on a drum substrate holder, rotated at a speed of 2
rpm. A working pressure of 0.44 Pa was achieved by flowing argon and oxygen gases, both
controlled via mass-flow controllers and mantained at 50 and 25 sccm, respectively. The
magnetrons were powered by a dual channel Advanced Energy Pinnacle Plus power supply in
pulsed DC mode operating at a frequency of 100 kHz and 60% duty. Powers of 750 and 185 W
were applied to the titantum and bismuth target, respectively, to achieve the stoichiometry
required to deposit B1:T1Ow» thin films, based on previous findings [51]. The Bi1.TiOuw
photocatalyst was deposited on the surface of two opposite sides of AR-Glas™ Stirring Rods
(Iength: 250 mm, diameter 6 mm), for 4 h each, over a 250 mm length (purchased from the
Fisher). Samples were annealed i air at 600 °C post-deposition for 1 h, to obtain crystalline
coatings.

In parallel, soda lime glass microscope slides were coated with bismuth titanate under the same
conditions used for the stirring rods, for characterisation purposes. The coating’s thickness on
the flat samples was estimated to be 0.75 £ 0.4 pm. The flat sample’s thickness was measured by
creating an artificial step, by covering part of the microscope soda-lime shde with Kapton tape
prior to the deposition. A Profilm3D mterferometer from Filmetrics, with a magnification of x50,
was used to measure the height of the artificial step. Half of the coated microscope slide samples
were cycled in the same manner as the rods for characterisation purposes and compared with
pristine samples. The photocatalytic pollutant degradation mechanism for both black and white
bismuth titanate was studied using a dye degradation test in the presence of different scavengers.
To prevent possible self-photosensitization effects due to coloured substance mteractions,
Orange II was chosen instead of MB [58]. A plane black titanate sample, termed bBT was
produced by exposing a flat sample of bismuth titanate to the same treatment as the cycled rods.
All the substrates were ultrasonically pre-cleaned m acetone prior to deposition. All chemicals
used were purchased from Sigma Aldrich, unless stated otherwise.
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The thin film morphology was evaluated by SEM (scanning electron microscopy) using a Zeiss
Supra 40 VP-FEG-SEM. The oxidation state information was obtained using XPS (X-ray
photoelectron spectroscopy), performed with a SUPRA photoelectron spectrometer (Kratos
Analytical Ltd.) equipped with Mg K X-rays as the primary excitation source. A multi-mode gas
cluster ion source (GCIS) was used for etching at 20keV with Ar clusters for 60 seconds. The
binding energy was referenced to the C 1 s line at 284.8 eV for calibration. Curve fitting was
performed applying a Gaussian function. The deposited film thickness was measured on a coated
soda lime glass slide by creating an artificial step by masking a part of the slide with Kapton tape,
prior to deposition. A Profilm3D interferometer from Filmetrics, with a magnification of x50,
was used to measure the thickness of the coatings from this step. The crystallinity of the coatings
was assessed by XRD (X-ray diffraction), on a Panalytical Xpert system, with Cu Ka 1 radiation
at 0.154 nm, 1n grazing incidence mode at 3° angle of incidence over a scan range from 20 to 70°
(20), the accelerating voltage and applied current were 40 kV and 30 mA, respectively. The
optical band gap of bismuth titanate was estimated using the Tauc plot method, by measuring
the optical absorbance of samples produced under the same conditions onto soda lime
microscope glass slides [59].

2.2. Photocatalytic reactor

The design of the LCPR-II 1s based on the LLCPR-I developed at the Manchester Metropolitan
University earlier [55]. Likewise, the bespoke reactor utilises an external light source and does
not mvolve any costly components (quartz, membranes, air injector etc.); with the exception of
the UV-A lamps, the set-up was built exclusively from affordable and readily available parts,
purchased from the computer enthusiast market. Contrary to LCPR-I, the present photocatalytic
reactor utilises coated glass rods as the photocatalyst. Additionally, TiO. was substituted with
bismuth titanate, a more efficient and promising photocatalyst [51]. Figure 1 provides a schematic
representation of the bespoke water treatment photocatalytic reactor loaded with bismuth titanate
coated glass stirring rods and a photograph of the separate components.

In brief, the system 1s comprised of a cylindrical reactor made from PMMA
(polymethylmethacrylate), transparent PVC (polyvinyl chloride) tubing, a 12 V pump, a
flowmeter, a temperature probe and an acrylic analysis cell. The reactor was placed m an
aluminium enclosure with a UV-A wrradiation source. The pump was operated at mmimum
capacity, to minimise power consumption, without limiting mass transfer, resulting in a flowrate
of 5.14 L.min" [55]. Increasing the number of coated glass rods increases the catalyst load, and
by extension the reaction rate, up to a certain point where light would be blocked, and
performances would stop increasing. To find the best conditions, the reactor was loaded with 4
to 10 glass rods, with 2 rods increments, coated on two opposite sides with bismuth titanate, by
reactive magnetron sputtering. A full breakdown of the upfront price of the LCPR-II is given in
Table 1. The power drawn by the system was measured directly at the wall with a wattmeter and

remained below 60 W.

Table 1. Cost summary for LCPR-II.

Price’
Component Material
£ € $
Reactor’ PMMA 15.5 18.1 21.6
Tubing’ PVC 12.7 14.9 17.7

Flowmeter Aluminium allow + POM 36.9 43.2 51.4
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Temperature probe Aluminium alloy 19.0 22.2 26.5
Sampling cell Acrylic 5.7 6.7 7.9

AR-Glas™ Stirring Rods (X 10) Glass 5.3 6.1 7.3

Pump Acrylic 31.8 37.2 44.3
Miscellaneous - 30.0 35.1 41.8
UVP XX-15 Series UV Bench Lamp Aluminium 229.5  268.5 319.5
Total (without light source) 156.9 183.5 218.4
Total (with light source) 386.4  452.0 537.9

'as at 15" of March 2021

*Outer diameter: 5 cm
Height: 24 cm

" Outer diameter: 16 mm
Inner diameter: 10 mm
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Figure 1. LCPR-II a) schematic representation of LCPR-II, b) picture of disassembled LCPR-II.

2.3. Photocatalytic reactor optimisation

The photocatalytic performance of the bespoke water treatment reactor was assessed by
monitoring its ability to degrade methylene blue under UV-A light. The reactor was filled with
an aqueous methylene blue solution, purchased from Alfa Aesar, of 500 mL at a concentration
of 1 umol.L". MB degradation tests were first carried out with a varying number of pBT coated
rods (4, 6, 8 and 10), to identify the configuration that would yield the best photocatalytic activity.
A test without any rods and with 4 uncoated rods was also carried out as controls to account for
photolysis. The reactor was left in the dark at room temperature for 1 h under continuous
solution circulation to reach adsorption-desorption equilibrium. Once reached, the UV-A source
(Sankyo Denki BLB lamps, peak output at 365 nm) was powered up for 4 h. The methylene
blue main absorption peak at 664 nm was monitored every 10 min with an Ocean Optics
USB4000 UV-visible spectrometer. Between each test, both the pBT coated glass rods and the
reactor were thoroughly rinsed with distilled water. The reactor’s photocatalytic degradation
efficiency was calculated using equation (1) and used as a response to optimise the photocatalytic



245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292

degradation process, with Ay and A; as MB’s main absorbance peak at 664 nm at 0 and 5 h of
UV wrradiation, respectively.

Ag—At
Ao

(1) MB removal (%) = x 100

2.4. Reusability assessment

To evaluate the durability and reusability of the coated rods, 25 consecutive MB removal tests
were performed with the most efficient configuration (10 pBT coated rods), using the same
photocatalytic activity assessment methodology. The time required to degrade 90 9% of the mitial
MB concentration (Tggy,) under UV-A was used as a response to evaluate the durability of
photocatalytic reactor.

2.5. Scavenger experiment

Bismuth titanate and black bismuth titanate samples on flat glass slides were tested for their ability
to degrade Orange II, in the presence of different scavengers. The following trapping agents were
employed: isopropanol [42,60,61] for "OH, 4-hydroxy TEMPO [42,62] for 05, sodium oxalate
[28,63] for h* and sodium nitrate [64] for e~. Methylene blue could not be used, because it has
a complementary colour to 4-hydroxy TEMPO; it forms a green solution when mixed. Thus, to
prevent possible self-photosensitization effects due to coloured substance interactions, Orange I1
was chosen mstead [58]. Samples were placed on top of a sample holder in a quartz cuvette,
mmmersed in a 50 mL solution of Orange II (2 pmol/L) in the presence of each scavenger
(7 mmol/L). The samples were left in the dark for 30 minutes under continuous stirring, to reach
adsorption-desorption equilibrium and then rradiated by the same UV-A light source used for
LCPR-IIL. The main absorption peak of Orange II (500 nm) was monitored with an Ocean Optics
USB4000 UV-vis spectrometer.

2.6. Antibiotic degradation experiment

LCPR-II was used to decompose a 500 mL solution of levofloxacin (LEVO), purchased from
Sigma Aldrich, with a concentration of 10 mg.L.". The reactor was loaded with 10 cycled bBT
coated glass rods and 1rradiated under UV-A for 24 h. As a control, the same experiment was
carried out without any rods under the same conditions. 10 mL of solution were sampled at times
0 and 24 h for both the catalyst loaded reactor and the control. The absorbance spectra of the
untreated and treated solutions were obtained using an Agilent Cary 300 UV-wvis
spectrophotometer. The degradation of LEVO was further mvestigated by testing the
antimicrobial activity of treated and untreated solutions, against Escherichia coli ATCC 8739
(EC), Staphylococcus aureus ATCC 6538 (SA) and Acinetobacter baumannin ATCC 19606
(AB). Bacteria were grown overnight in TSB media, which were then inoculated onto agar plates
(100 uL) using the spread plate method. Filter-paper disks (9mm diameter) were impregnated
with a 20 pL solution of either distilled water (as a control), initial LEEVO solution, LEVO treated
solution under UV without the coated rods and LEVO treated solution under UV with the coated
rods. As the solutions diffuse from the filter-paper disk onto the agar, they may kill the bacteria
or stop them from growing. If this 1s the case, an area around the disk will form, as bacteria
cannot grow and multiply enough to be visible. This area 1s called “zone of mhibition” and its
diameter was measured to compare the effectiveness of the different treatments. Experiments
were performed in triplicate to obtain an average diameter measurement.
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3. Results and discussion

3.1. Photocatalytic reactor optimisation

As displayed in Figure 2a, when the reactor was loaded with 4, 6, 8 and 10 rods, after 240 minutes
of UV-A 1rradiation, it achieved MB removal percentages of 40, 59, 75 and 89 9%, respectively.
In the control experiment, residual adsorption and photolysis accounted for less than 10 % of
the dye discoloration. This result was expected as increasing the number of rods, ultimately
icreased the photocatalyst loading. Even when using 10 rods, light blocking didn’t impact
negatively the reaction rate. Additional coated rods couldn’t be added to the reactor in its current
configuration, but future work will be aimed at further increasing the number of coated rods.

The LCPR-II reusability was assessed with the best performing configuration (10 rods) by
conducting 25 consecutive MB degradation test cycles with 240 min of UV-A irradiation (Figure
2b). The time required to decompose 90 % of the model pollutant (Tgqe,) was estimated for each
cycle. Between the first and last test, Tggo, decreased from 4 to about 1 hour, while the colour of
the pBT coated rods changed from white to black. This behaviour was previously reported for
bismuth titanate, as a result of oxygen vacancies forming when exposed to UV-A [51]. These
vacancies act as trapping sites for electrons, prolonging their lifetme and improving the
photocatalytic activity of the catalyst.

1.2
1 —e— Photolysis 6 rods ZSOi M
] —=— Uncoated rods —4— 8 rods
] —&— 4 rods 10 rods
1 e agg i ]
7 200 — _
~0.84 —
E] 4
<
~ ~ 150+ M
@ T o 4
3 ] =
£ 0.6 Dark E
2 ] g
2 - ]
o 100+
< 0.4 ]
0.2 50 HH
o I 156
0 50 100 150 200 250 300 2 4 6 8 10 12 14 16 18 20 22 24
Time (min) Cycle

Figure 2. MB degradation tests results a) Varying number of pB1-coated rods, b) cvcling experiment with 10
coated rods.

3.2. Investigation of Black bismuth titanate properties

The optical band gap energy of the crystalline semiconductors was estimated using the Tauc plot
method [59], by plotting @/iv)” as a function of /v and extrapolating the linear region to the
abscissa (where o 1s the absorbance coefficient, A 1s Plank's constant, v 1s the frequency of
vibration). Although the cycling experiment resulted in a colour change, no significant change in
the band gap was observed. Bandgap energy values were estimated at 2.69 and 2.71 eV for pBT
and bBT, respectively (Figure 3).
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Figure 3. UV-Vis absorption spectra for pBl" and bBT samples a) and corresponding Tauc plots b).

XRD analysis didn’t reveal any crystalline change between pristine bismuth titanate and black
bismuth titanate (Figure 5), in both cases cubic (I123) Bi.T1Ow was identified (ICDD 96-403-
0657). Crystalline peaks belonging to the cubic fphase were 1dentified at 20 of 21.3° (121), 24.7°
(022), 27.6° (013), 30.3° (222), 32.8° (123), 35.2° (040), 37.4° (033), 39.5° (042), 41.5° (233), 43.4°
(242), 45.3° (143), 48.9° (125), 52.2° (053), 53.9° (060), 55.5° (235) and 58.6° (145). The results
of the band gap and crystalline phase analysis are consistent with the findings of an earlier study
mvestigating the properties of a B1:110./B1/T1:01. photocatalyst [51].
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Figure 4. XRD analysis of a) pristine bismuth titanate and b) black bismuth titanate.

High-resolution O 1s XPS spectra of pBT and bBT samples are shown in Figure 5, both O 1s
peaks can be deconvoluted into 5 peaks. The first two deconvoluted peaks at 529.4 and 530.9
eV were attributed to lattice and vacancy oxygen species, respectively [51]. The three following
deconvoluted peaks at 533.6, 541.7 and 532.5 €V can be attributed to adsorbed organic species
(C=0,C—-0, 0—-C=0). As expected, when compared to the pristine bismuth titanate
sample (Figure 5a), black bismuth titanate (Figure 5b) has a higher proportion of adsorbed
organic species as a result of the methylene blue degradation cycling tests. Interestingly, the black
bismuth titanate sample also has a lower atomic percentage ratio of O 1s L to O Is V species
(from relative areas of the peaks), changed from ca. 4.4:1 to ca. 1.8:1 for the pBT and bBT
samples, respectively. Oxygen vacancies induced by UV light irradiation have already been
reported for bismuth titanate coatings; these defects, have been shown to increase the lifetime of
photogenerated species, leading to a significantly improved photocatalytic activity [51]. Depth
profiling analysis didn’t reveal any difference between the pristine and black bismuth titanate, in
both cases only the lattice oxygen peak was present.
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353  SEM micrographs of the samples didn’t reveal any morphological difference between pristine
354 (Figure 6a) and black bismuth titanate (Figure 6b). The surface of the black bismuth titanate
355 sample appears a bit rougher, but this 1s most likely due to the cycling of the sample which was
356  covered with organic contaminants that couldn’t be washed off with distilled water. The EDX
357  analysis didn’t reveal any significant change, with a Bi, T1 and O atomic percentage content of
358  37.1 £0.4, 3.5 £ 0.4 and 59.4 £ 0.1 % for pristine pBT and 34.9 + 0.5, 3.1 £ 0.3 and 62.0 + 0.2
359 9% for bBT, respectively.
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Figure 6. Surface SEM micrographs of sammples a) pBT, b) bBT: EDX analvsis of samples ¢) pBT, d) pBT.

3.3. Photocatalytic degradation mechanism investigation

To understand the mechanism behind the photocatalytic degradation of pollutants, pBT and
bBT flat samples were used to decompose Orange II under UV-A, in the presence of different
trapping agents. 4 hydroxy-TEMPO was used to scavenge superoxide radicals, isopropanol for
hydroxyl radicals, sodium oxalate for holes and sodium nitrate for electrons. In the case of pBT
(Figure 7a), sodium oxalate and 4 hydroxy-TEMPO reduced significantly the photocatalyst’s
activity, with the latter having a greater effect, while sodium nitrate and 1sopropanol didn’t slow
down the reaction. Consequently, superoxide radicals (05°) and, to a lesser extent, holes (h*)
appear to be the main driving force behind the photocatalytic activity of bismuth titanate. This 1s
consistent with the findings of Guo et al. who reported that h* and 05 * are the main active
species [65]. When testing bBT (Figure 7b), not only did sodium oxalate and 4 hydroxy-TEMPO
reduce significantly the photocatalytic activity of black bismuth titanate, but so did sodium nitrate.
In ascending order of contribution, superoxide radicals (05 °), electrons (e 7) and holes (h*) were
the main driving force behind the photocatalytic degradation process. This 1s in accordance with
the earlier results of the XPS analysis [45], which revealed the presence of an increased amount
of oxygen vacancies (V) in black bismuth titanate, when compared to the pristine one. These
oxygen vacancies (V) are likely to act as trapping sites for electrons (e ™), increasing their lifetime
and likelihood of reacting with the pollutant at the photocatalyst’s surface. The proposed
photocatalytic pollutant degradation mechanism m pristine and black bismuth titanate 1s
llustrated in Figure 8.
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Figure 7. Orange Il (2uumol/l) degradation under UV-A irradiation by in the presence of h*, e™, 05 and *OH
scavengers by a) pBT and b) bBT.
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3.4. Photocatalytic degradation test of antibiotic

The capabilities of LCPR-II were tested against levofloxacin (LEVO), an antibiotic commonly
found in wastewater treatment plant effluents. The reactor was loaded with a 500 mL solution at
a concentration of 10 mg.Ll". After 24 h of UV light irradiation without the coated rods (Figure
9a), only a slight decrease in the LEVO main absorbance peak at 287.5 nm was observed by UV-
Vis spectroscopy. Alternatively, when the black bismuth titanate coated rods were included
(Figure 9b), the main absorbance peak was evidently not present. Broad absorbance peaks
appeared between 200 and 280 nm, which may be attributed to the formation of different
reaction intermediates during the photocatalytic degradation process. To assess the antimicrobial
properties of the treated solutions, disk diffusions tests were performed with samples from the
mitial and treated LEVO solutions. Both the initial and the UV-only treated LEVO solutions
demonstrated antibiotic activity, with a clear zone of nhibiton forming around each
corresponding disc (Figure 9¢). On the other hand, no mhibition zone was identified when the
solution was treated with UV in the presence of black bismuth titanate coated rods (Figure 9c).
The same result was found for the distilled water control. In the UV-only treated solution, a 20
% reduction in mhibition zone diameter was observed for S. aureus and A. baumannir (Figure
9d). The UV was most likely able to degrade a small amount of LEVO. This effect was not
observed m F. coli cultures, as they appear considerably more sensitive to the levofloxacin, with
an inhibition zone diameter 30 9% and 20 % larger, on average, than the ones measured for .5.
aureus and A. baumannii, respectively. These results confirm that the photocatalytic reactor was
able to degrade the levofloxacin and that the reaction intermediates are innocuous to the tested
MICroorganisimes.
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Although 1t took the LLCPR-II 24 h to decompose the levofloxacin, one should keep in mind that
the tested concentration far exceeded the concentration of antibiotics sampled m wastewater
treatment effluents by a factor of 10" to 10°. In photocatalysis, initial pollutant concentration is a
significant contributor to the reaction rate, the lower the concentration, the faster the reaction.
Other authors were able to decompose levofloxacin in a shorter amount of time [66-69],
however, these photocatalysts were produced in powder-form. Powder form photocatalysts are
mherently more active due to their high specific surface area, but they require post-process
separation to safely discard the treated water, which hinders scalability [70]. Furthermore, when
the reactor was loaded with coated rods, it outperformed the “UV only” treatment, which 1s
typically used as a last disinfection steps in wastewater treatment plants [7]. The results of this
proof-of-concept highlight the potential of bismuth titanate coated rods, to improve the removal
and mhibition of pollutants, such as antibiotics, through photocatalysis. We believe that
developing an affordable, sustainable, efficient and scalable wastewater treatment reactor 1s a step
i the right direction towards the adoption of photocatalytic systems in treatment plants.

4. Conclusion

In the present study, a bespoke photocatalytic reactor was built from consumer market
equipment and loaded with glass stirring rods coated with bismuth titanate by reactive magnetron
sputtering. When loaded with 10 coated rods, the reactor proved effective at decomposing 90 %
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of an aqueous methylene blue solution, under UV-A, in 4 hours. During the reusability
assessment, equivalent to 125 h of consecutive use, the time required to decompose 90 % of the
pollutant, with the same concentration, dropped from 4 to 1 hour. This remarkable property 1s
due to photoinduced vacancies, acting as electron trapping sites, and 1s characterised by a
photocatalyst colour change from white to black. In pristine bismuth titanate coatings, superoxide
(037) and holes (h*), were identified as the main drivers of the photocatalytic activity.
Interestingly, in black bismuth titanate, superoxide (05°) and holes (h*) were not the only
contributors, as electrons (e ™) also played a significant role. This last contribution is most likely
due to the presence of newly formed oxygen vacancies, acting as traps and increasing the
photocatalytic activity. Finally, the reactor was able to successfully degrade a concentrated
solution of levofloxacin, whose antimicrobial potency was assessed by inhibition zone tests in the
presence of K. coli, S. aureus and A. baumanmi. This study demonstrates the potential of
bismuth titanate based photocatalytic reactors for downstream wastewater treatment. This system
could be used complementarily to UV disinfection, to decompose remaining traces of pollutants,
to prevent the spread of antibiotic resistant bacteria in wastewaters.
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