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ARTICLE INFO ABSTRACT

Editor: Akeem Oladipo This study investigates the removal of pharmaceutical and industrial pollutants in the presence of bismuth
oxyhalides (BiOX, where X = Br, Cl) and BiOX-TiO, composites, prepared in different ratios by the ball milling
method. The photocatalysts’ features were investigated through diffuse reflectance, Raman and luminescence
spectroscopy, X-ray diffraction patterns, scanning and transmission electron microscopy, specific surface area
determination, electron paramagnetic resonance and electrochemical measurements. Heterogeneous photo-
catalysis, which is particularly noteworthy among advanced oxidation processes (AOPs), was used to degrade
tetracycline, oxytetracycline, and 4-nitrophenol, which are all micropollutants commonly present in wastewater.
The photooxidation of these compounds in aqueous solution was performed under both UV and simulated solar
light irradiation, even in the absence of a photocatalyst. The homogeneous system proved to be poorly efficient,
while for the heterogeneous systems the composites showed both an almost complete conversion of the initial
substrates and a higher mineralization degree (up to 76 %) compared to the bare TiOy P25 tested for comparison
purposes. Selected runs carried out degrading 4-nitrophenol under simulated sunlight irradiation revealed the
efficiency of BiOX-TiO2 composites also under real conditions, encouraging their future use in pilot plant re-
actors. The higher activity of the coupled photocatalysts has been ascribed to the improved transfer of the
photogenerated charges.
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antibiotic [6] derived from actinomycetes [7]. It is largely used to treat
various types of infections in both humans and animals. However, it is

1. Introduction

Water scarcity is a serious problem, and 4.3 billion living beings
suffer from insufficient water for at least 1 month in a year [1]. With
rapid population growth, industrial activities, and improving living
standards, the demand for fresh water is increasing. Recycling and
reusing wastewater are essential to increase available resources [2,3].
Industrial wastewater contains a variety of recalcitrant organic sub-
stances that pose significant toxic risks to the environment. They typi-
cally include anticancer, antipsychotic, antibiotics, analgesic drugs and
water-stable pollutant molecules such as 4-nitrophenol, which are
difficult to remove using conventional treatment methods [4].

The most widely used drugs are antibiotics, which have a great
impact on both human and animal health because they induce genetic
mutations and chronic effects such as antibiotic resistance in microbes
[3,5]. In particular, tetracycline (TC) is a well-known broad-spectrum
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poorly absorbed in the stomach, with approximately 70 % of TC released
into the environment [8,9]. Oxytetracycline (OTC) belongs to the
tetracycline family and is widely used to treat both humans and animals,
as well as to promote growth in livestock [10]. Due to its persistent and
recalcitrant properties, OTC is present in aquatic environments and it is
responsible for environmental problems such as ecotoxicity and bacte-
rial resistance to antibiotics. Since conventional treatment methods have
been ineffective in eliminating this type of antibiotic, it is important to
continue exploring alternative technologies for their elimination, espe-
cially aiming at mineralization [11,12]. One of the problems during the
removal of drugs from aqueous effluents is the possibility that they
transform into equally or more dangerous intermediates. For this reason,
it is important to evaluate not only their partial oxidation but above all
their mineralization.

Received 4 April 2025; Received in revised form 22 June 2025; Accepted 24 June 2025

Available online 1 July 2025

2214-7144/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marianna.bellardita@unipa.it
www.sciencedirect.com/science/journal/22147144
https://www.elsevier.com/locate/jwpe
https://doi.org/10.1016/j.jwpe.2025.108219
https://doi.org/10.1016/j.jwpe.2025.108219
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jwpe.2025.108219&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Kanwal et al.

Journal of Water Process Engineering 76 (2025) 108219

a) = gs —— 7% BiOCI- P25
J;: S R P VN -
= a8
= == 5% BiOCl- P25
-
- e
® — ~NS
S ﬂ = == 3% BiOCl- P25
z) o i A A i
E §§ 5 gq x BiOCI
= S8 § g7 & 82 s B
E l l M.: = 8§z :S5¥ § g8
] ~ — P25
Eaeg A »‘ ¥ Ve =
1 L 1 A 1 1 A
20 30 40 50 60 70 80
20°

e o 2
: &Z 7% BiOBr- P25
s as
& EE 5% BiOBr- P25
oo =~
3 s
al 5. 3% BiOBr- P25
2
'z
=
9
D o 2
= 2 g S .
™=Is ¥ a et = BiOBr
_J e
e y A QJ \ Avr
ss g
== o — s
- = £
L " 1 1 1 i L
20 30 40 50 60 70 80
20°

Fig. 1. XRD patterns of (a) Bare P25, BiOCl and Y%BiOCl-P25 composites (Y = 3,5,7 w/w%), (b) Bare P25, BiOBr and Y%BiOBr-P25 composites (Y = 3,5,7 w/w%).

4-Nitrophenol (4-NP) is an important molecule used in industry as an
intermediate in the production of herbicides, insecticides, drugs and
dyes, but it has toxic effects and is present in many aqueous effluents
[13]. The abatement of this pollutant in wastewater is challenging, as it
resists conventional treatment methods due to its high stability and
water solubility [3,14]. Although microbial degradation may be a suit-
able process, it requires long incubation periods [15,16].

Traditional methods used to remove pharmaceuticals and various
pollutants from aquatic environments include activated carbon filtra-
tion, biodegradation [17], electrochemical degradation, microfiltration,
UV radiation, phytoremediation, peroxide-photo-electrocoagulation,
sonolysis, and physical adsorption [18-24]. However, they have some
disadvantages, including large energy requirements, incomplete abate-
ment of pollutants and the formation of sludge and/or other toxic waste
products requiring further treatments. This underscores the necessity for
innovative approaches such as advanced oxidation processes (AOPs) to
degrade a wide range of pollutants effectively [2,25,26]. AOPs utilize
radical species such as *OH, which are powerful and non-selective oxi-
dants, capable of attacking and decomposing hazardous pollutant spe-
cies that may be present in various aqueous effluents [25-28].

One of the most effective AOPs for the treatment of particularly
persistent and recalcitrant wastewater contaminants is heterogeneous
photocatalysis [9,16,29-31], which can directly use solar energy
significantly reducing costs and environmental impact [32].

This approach is highly efficient and environmentally sustainable,
thanks to the generation of oxidant radicals that decompose almost all
organic pollutant molecules into short-chain products and subsequently
into water, CO, and other inorganic species if heteroatoms other than C
and O are present in the starting molecule allowing their complete
mineralization. Unlike other AOPs, as ozonation or Fenton processes,
heterogeneous photocatalysis does not require the use of chemical ad-
ditives [3].

TiO9, an n-type semiconductor, has been widely studied for its
properties, including chemical (photo)stability, low cost, non-toxicity,
and almost always high photocatalytic efficiency [33]. However, it has
some limitations, i.e. poor visible light exploitation, quick recombina-
tion of electron/hole pairs, and high aggregation tendency. Conse-
quently, research has been directed towards the development of
strategies to boost its performance. Among these, the coupling with
alternative photocatalysts able to be excited by visible light and to form
an effective heterojunction with TiO5 has been shown to be helpful in
improving their photoactivity [34,35].

Bismuth oxyhalides (BiOX), thanks to their unique crystalline

structures, represent a new class of photocatalysts characterized by
tunable band gaps and low e /h' recombination rates. The photo-
activity of BiOX and BiOX-based photocatalysts has been studied mainly
for the abatement of drugs and environmental pollutants present in
aqueous solutions [36,37]. In 2006 Zhang et al. [38] first explored the
use of BiOCl for the photocatalytic degradation of methyl orange. Other
applications have included water splitting [39], CO2 photoreduction
[40], N fixation [41], bacterial disinfection [42], removal of atmo-
spheric contaminants [43], and oxidation of heavy metal pollutants
[44].

This paper reports on the efficiency of BiOX (X = Cl, Br) and BiOX-
TiO4 (P25) for remediation purposes. In particular, the degradation in
water of tetracycline (TC), oxytetracycline (OTC) and 4-nitrophenol (4-
NP) has been assessed under both UV- and simulated sunlight irradiation
in order to consider the photocatalysts for possible future treatment of
real wastewaters.

BiOX samples were obtained through simple precipitation, while the
coupled materials BiOCI-P25 and BiOBr-P25 were prepared for the first
time by mechanical mixing of the two components with a ball milling
apparatus. Bare TiO, and BiOX samples were also tested for comparison
purposes.

Although the use of bare BiOX samples has been previously reported
in literature, we believe it is useful to further investigate the photo-
activity of composites formed by coupling them with TiOj, in a simple
and economic way, for the degradation and mineralization of toxic
substances often ubiquitously present in aqueous effluents. It should also
be noted that the ball milling method is effective in the synthesis of
systems with electrochemical and chemical-physical surface properties
very different from the starting compounds and it is more suitable than
other sophisticated and expensive preparation methods for a possible
industrial scale-up [45].

2. Experimental
2.1. Chemicals

Ethanol (CoHsOH, >99.8 %), glacial acetic acid (CH3COOH, 99.8 %),
sodium chloride (NaCl, >99 %), bismuth nitrate (Bi(NO3)s'5H>0,
Sigma Aldrich, 98 %), and potassium bromide (KBr, >99 %) were pur-
chased from Sigma-Aldrich and used as received. TiO2-P25 (Aeroxide)
was the reference photocatalyst for comparison with the home-made
materials. Tetracycline (Sigma Aldrich, >98 %), oxytetracycline
(Sigma Aldrich, >98 %), and 4-nitrophenol (Fluka Chemika, >99 %)
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Fig. 2. Raman Spectra of (a) Bare P25, BiOCl and Y%BiOCl-P25 composites (Y
= 3,5,7 w/w%), (b) Bare P25, BiOBr and Y%BiOBr-P25 composites (Y = 3,5,7
w/w%).

were used in synthetic aqueous solutions as representative molecules of
contaminants present in wastewater.

2.2. Catalysts preparation

Bismuth oxyhalides photocatalysts BiOX (X = Br, Cl) were prepared
by precipitation by modifying a previously reported method [46].
Initially, 18 mmol of Bi(NO3)3-5H,0 were added to 60 mL of glacial
ethanoic acid, diluted with 180 mL of distilled water, and stirred for 1 h
(solution A). Subsequently, 18 mmol of NaCl (for BiOCI) or 18 mmol of
KBr (for BiOBr) were dissolved separately in 180 mL of water and stirred
for 1 h (solutions B). Then, these B solutions were poured dropwise into
two different aliquots of solution A, and white precipitates consisting of
BiOCl and BiOBr, respectively, were obtained. After stirring each of the
mixtures for 12 h at room temperature, the separated solids were
washed, dried at 60 °C, and finally heated at 150 °C for 12 h.

2.3. BiOX-TiOz composites

The Y%BiOX-TiO, (P25) samples (Y = 3,5,7 w/w%) were obtained
by mixing TiO, P25 with home-made BiOX and treating them in a
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planetary ball milling system (Ball Mill PM 100, Retsch-Allee) [47,48].
The treatment was conducted by placing the mechanical mixture in a
chrome steel jar coated with ZrO5 and equipped with six ZrO, balls.

2.4. Catalysts characterization

The specific surface area of the photocatalysts (SSA) was obtained by
the BET method (single point) with a Flow Sorb 2300 device
(Micromeritics).

UV-Visible diffuse reflectance spectra (DRS) of the powders were
recorded using a Shimadzu UV-2401 PC to study their optical properties.

Photoelectrochemical characterization was carried out by irradiating
the samples through a quartz cell window with a 450 W xenon lamp
coupled with a monochromator. A lock-in amplifier extracted the
photocurrent from the overall cell current, a potentiostat adjusted the
electrode potential, and a mechanical chopper operating at 13 Hz
allowed intermittent irradiation. For these measurements, the Y%BiOX-
TiO4 (P25) samples (Y = 3,5,7 w/w%) photocatalysts were deposited on
carbon paper (Toray 40 % wet Proofed-E-Tek) and plunged inside a cell
equipped with three electrodes and containing a solution of 0.1 M
ammonium pentaborate (ABE) whose pH was about 9. Silver/silver
chloride (Ag/AgCl/sat. KCl) and a platinum wire served as reference (0
V vs Ag/AgCl = 0.197 V vs SHE) and counter electrode, respectively.

The crystalline structure of the samples was determined by an XRD
Panalytical Empyrean diffractometer in a 26 range of 20-80° angle with
Cu Ko radiation (1.5406 A) and a 0.02 step size using the program
reflection transmission spinner (RTS). Current was 40 mA X-ray while
the tension 45 kV.

Raman spectroscopy was assessed at room temperature (integration
time of 0.5 s and 100 accumulations and signals registered in the range
50-700 cm ') in a confocal Witec Alpha 300R. A 532 nm laser with a
single-mode output power of 52 mW excited the samples and the scat-
tered light was gathered in a back-scattering configuration provided
with a 50x objective lens.

The morphology and the dimensions of the samples were observed
by a Nova NanoSEM instrument. The powders were prepared prior to
observations by suspending them in 2-propanol, treating with ultra-
sound and finally depositing 2 pL of the suspension on carbon tape
attached to a stainless steel stub.

Solvent evaporation was achieved at room temperature, while
elemental analysis of the samples was performed with an energy-
dispersive spectrometer (EDS).

A Tecnai G2 transmission electron microscope operating at 200 kV
was employed for transmission electron microscopy (TEM) analysis.
Samples were prepared by suspending the powder in 2-propanol,
ultrasonicating it, and then dropping 3 pL of the suspension twice on a
300 mesh Cu grid supplied by Tedpella. Finally, the solvent was evap-
orated at room temperature. The electron beam was focused to a fine
point and scanned over the sample in a raster illumination system.

A Perkin Elmer LS 55 spectrometer between 320 and 580 nm (scan
rate 100 nm/min) allowed to record photoluminescence (PL) spectra in
emission mode with an excitation at 300 nm.

The concentration of bismuth in the BiOCI-TiO5 and BiOBr-TiO,
composites at a wavelength of 306.77 nm was determined by induc-
tively coupled plasma optical emission spectroscopy (ICP-OES) using an
Agilent T 5100 spectrometer.

Before analysis, 15 mg of the sample in 10 mL of concentrated HNOs,
HCl and H»SO4 with a volume ratio of 1:3:12, respectively, were treated
at 210 °C for 30 min in a CEM Mars 6 microwave system. After cooling,
the clear and colorless digestate was diluted with deionized water to a
final acid concentration of 2 %, considering the limitation of the ICP-
OES equipment.

Free hydroxyl radicals (*OH) formed after irradiation of the photo-
catalysts were identified by electron paramagnetic resonance (EPR)
using a Bruker EMX-nano spectrometer equipped with a lamp emitting
UV radiation at high intensity. 1 mg of catalyst was dispersed in 25 mL of
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Fig. 3. UV-Vis reflectance and photoluminescence spectra of (a-c) Bare P25, BiOCl and Y%BiOCIl-P25 composites (Y = 3,5,7 w/w%), (b-d) Bare P25, BiOBr and Y%

BiOBr-P25 composites (Y = 3,5,7 w/w%).

Table 1

Specific surface area and band gap of the used photocatalysts.
Catalyst S.S.A. Band gap

m*>g™h (eV)

BiOCl 3.3 3.48
3%BiOCl-P25 39.1 3.10
5%BiOCI-P25 325 3.08
7%BiOCl-P25 37.8 3.10
BiOBr 3.6 2.88
3%BiOBr-P25 38.5 3.10
5%BiOBr-P25 37.3 3.10
7%BiOBr-P25 38.2 3.10
P25 50.0 3.10

deionized water using ultrasonication. Subsequently, to 100 pL of the
resultant suspension, HyOy and the trapping agent 5,5 dimethyl-1-
pyrroline N-oxide (DMPO) were mixed.

The mixture was poured into a capillary after being stirred and
analyzed in the EPR test chamber. The irradiation of the sample with a
UV lamp lasted 10 min, and then the data were recorded. The central
field was set at 3480 G with 100 G Sweep Width. The attenuation,
modulation width, and receiver gain were set at 10 dB, 1 G, and 40 dB,
respectively. The modulation frequency and scan number were set at
100 kHz and 1 time, respectively.

2.5. Photocatalytic runs

The photoactivity of the samples was evaluated at “natural” pH (i.e.
the one in the reaction mixture containing the pollutant to be degraded
together with the photocatalyst; the observed value was ca. 6.5) and
atmospheric pressure using a 0.5 L cylindrical Pyrex batch reactor
(Fig. S1). The irradiation source was a 125 W medium-pressure Hg lamp

(Helios Italquartz), which was immersed axially inside the photoreactor.
Water as a coolant was circulated in the Pyrex thimble and, conse-
quently, the temperature reached by the system under irradiation was
only about 30 °C. To explore the possible use of the photocatalysts under
direct solar light irradiation, some selected runs were performed by
using a 150 W halogen lamp.

The tests were carried out using different amounts of the various
photocatalysts, adjusted to ensure the same photon flux absorbed by the
suspension for each sample. The optimal quantity to be used for each
photocatalyst was determined with the following method: a UVX digital
radiometer was put on the external wall of the photoreactor, and the
radiation energy emitted by the lamp was measured with only pure
water present inside the photoreactor (photon flux 44.6 mW em 2 in the
315-400 nm range) and with increasing quantities of each of the pow-
ders up to that capable of absorbing about 90 % of the photons emitted
by the lamp. The optimal concentration used for P25 is 0.3 g/L, while for
the BiOX photocatalysts it is 1 g/L.

In a typical run, 500 mL of a solution containing 100 ppm (tetracy-
cline or oxy-tetracycline) or 20 ppm (4-NP) was loaded into the photo-
reactor, and the system was stirred in the dark for 30 min in the presence
of the appropriate amount of photocatalyst to reach adsorption-
desorption equilibrium of the substrate. Then the lamp was switched
on and the experiments ran for 5 h in the presence of bubbling O3 for
those carried out with drugs and atmospheric air for 4-NP. Small vol-
umes of the reaction mixture were removed during the reaction and, for
TC and OTC, analyzed using a Beckman Coulter (System Gold 126 Sol-
vent Module and 168 Diode Array Detector) high-performance liquid
chromatograph that was also equipped with UV-Vis detectors and a
Phenomenex KINETEK 5 pm C18 100 A column operating at ambient
temperature. A mixture (20:80 v:v) of acetonitrile and 13 mM tri-
fluoroacetic acid aqueous solution was used as eluent (0.8 mL min™h).
To evaluate the influence of the various active species formed under
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Fig. 4. SEM images of (a) Bare BiOCl; (b) 5 % BiOCI-P25; (c) Bare BiOBr; (d) 5 % BiOBr-P25; (e) EDX analysis of 5%BiOCl-P25; (f) EDX analysis of 5%BiOBr-P25.



T. Kanwal et al.

Journal of Water Process Engineering 76 (2025) 108219

Fig. 5. The TEM images of (a) 5%BiOCI-P25; (d) 5%BiOBr-P25, HRTEM of (b) 5%BiOCl-P25; (e) 5%BiOBr-P25; and SAED of (c¢) 5%BiOCl-P25.

irradiation, only the degradation of TC (as OTC is very similar to TC) was
carried out in the presence of selected scavenger species. In particular,
tert-butanol, AgNOs, benzoquinone, Na,C204 were used as *OH, elec-
trons, *O3 and holes scavengers, respectively.

4-NP concentration was calculated by measuring its absorption at
315 nm in the UV-vis spectrum, which is due to the molecule’s elec-
tronic n —» n* and n — n* transitions. Total organic carbon (TOC) was
measured throughout the runs using a Shimadzu 5000 A TOC
instrument.

3. Results and discussion
3.1. Physical-chemical properties

Structural properties (crystallinity, crystallite size, lattice parame-
ters, phase purity, etc.) of the samples were studied by powder X-ray
diffraction (PXRD). XRD patterns of bare TiO5 and BiOX (X = Cl, Br) and
their composites are reported in Fig. 1. The predominant phase in bare
TiO5 and in all its composites matches with anatase TiO, reference
(JCPDS#84-1285) [49]. XRD pattern of bare BiOCl indicates the
occurrence of tetragonal BiOCl (JCPDS#73-2060) [50] whose main
peaks are distinguishable even in all the composite samples, confirming
the formation of a heterostructure. In the BiOCI-TiO5 heterostructures
(Fig. 1a), the peaks at 32.5°, 33.3° and 47.2° are those characteristics of
BiOCl [50]. Furthermore, prepared BiOBr NPs (Fig. 1b) are in the
tetragonal structure in accordance with JCPDS#25-0390 [51]. The
BiOBr-TiOy NPs possess the feature peaks of both P25 and BiOBr, indi-
cating that the BiOBr NPs have been successfully coupled with P25
through the ball milling method. The BiOCl structure consists of Cl-Bi-O-
Bi-Cl layers in the XY plane, stacked along the z-axis. In our samples,
increasing the BiOCl content (e.g., 3 %, 5 %, and 7 %) promotes its

growth along the z-axis, diminishing the relative influence of TiO,
intergrowth and increasing the (101) reflection intensities of BiOCI [52].
A similar behavior could be noted in the samples containing BiOBr.
Fig. 2 (a-b) reports the Raman spectra of the composite photo-
catalysts, which confirms the successful formation of BiOX/P25 heter-
ostructured samples. The Raman spectrum of P25 exhibits several peaks
at 144 cm’l, 197 cm’l, 395 cm’l, 519 ecm! and 640 cm’l, corre-
sponding to the optical phonons of anatase TiOs. These peaks can be
attributed to five Raman-active modes with the symmetries of Eg, Eg,
B1g, A1g and Eg, respectively [53,54]. For BiOCl, the band at 139 em !
corresponds to the A4 vibration mode, associated with Bi—Cl A4 in-
ternal stretching, while the peak at 202 cm™, is attributed to the Eg
internal Bi—Cl stretching mode. Three distinct peaks at 144 cm™!, 201
em ™}, and 398.5 cm ™! can be assigned to three different Raman modes
of BiOCl. A significant decrease of the intensity of BIOCl Raman bands is
observed after introducing P25 species. This reduction is likely due to
the well-dispersed BiOX (X = Cl, Br) within P25, which absorbs or
scatters the laser light during Raman surface analysis. The introduction
of BiOX in P25 probably also leads to the formation of defects, such as
oxygen vacancies, as also confirmed by the decrease in intensity of the
peaks after coupling [55]. According to Wang et al. [55] the appearance
of oxygen vacancies can result in a shift of the E; mode. In addition,
structural distortions in BiOX (X = Cl, Br) due to the integration with
P25 can alter the Raman spectrum. The observed shift of the Eg peaks
towards the lower wavenumber indicates an increase in oxygen vacancy
defect caused by the substitution of P25 with BiOX (X = Cl, Br).
Diffuse reflectance spectra reported in Figs. 3a and b show that all
the samples absorb light in the UV-Vis range. The spectrum of the bare
commercial P25 is typical of anatase TiO,, consistent with the excess
content of anatase with respect to rutile in P25. At around 380 nm,
corresponding to a band gap of 3.10 eV, an onset of absorption can be
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observed. The BiOCl sample absorbs at lower wavelengths and the
BiOCI-P25 composites have spectra very similar to that of P25; BiOBr
and the mixed BiOBr-P25 composites (Fig. 2b) resemble P25, the latter
being the main component, as can also be seen by analyzing the corre-
sponding band gaps. Band gap values of all the samples, determined by
plotting the modified Kubelka-Munk function, [F(R’,)hv] " versus the
energy of the incident light [47,56], are reported in Table 1.

The photoluminescence (PL) spectra for TiOy (P25) and their com-
posites with BiOCl (Fig. 3c) and BiOBr (Fig. 3d) reveal the effect of
hosted oxide concentration on the extent of charge carriers’ recombi-
nation in TiO,. The peak at ca. 418 nm derives from the direct band-to-
band transition on TiO2 whilst the peak at ca. 460 nm visible in bare
BiOX samples can be ascribed to the indirect oxygen vacancies-valence
band electron-hole recombination [57]. Pure materials, BiOBr and
BiOCl exhibit lower PL intensities compared to P25, indicating a miti-
gated recombination [58]. Upon forming composites of BiOCl with TiOa,
the order of the PL intensities as depicted in Fig. 3c is: 5 % BiOCI-P25 >
7 % BiOCl-P25 > P25 > 3 % BiOCl-P25 > BiOCl. The observed PL trend
for BiOCl/TiO, composites suggests that the interaction between BiOCl
and TiO, influences charge carrier dynamics in a non-linear manner
possibly due to two phenomena that simultaneously occur: the reduction
in charges recombination (which corresponds to a fall in photo-
luminescence) and the formation of oxygen vacancies (which corre-
sponds to an increase in photoluminescence) [59]. At 3 % BiOCl-P25,
the PL intensity is lower than at 5 %, suggesting that a lower BiOCl
loading might not create enough interaction sites for efficient charge
separation [50]. This trend implies that there is an optimal BiOCl
loading (around 5 %) where the balance between charge transfer and
recombination is most favorable, and higher or lower loadings disrupt

this balance.

In the BiOBr-TiO, composite samples the order of the PL intensity
follows the order (Fig. 3d): 3 % BiOBr-P25 > 5 % BiOBr-P25 > P25 ~ 7
% BiOBr-P25 > BiOBr. The photoluminescence of 7 % BiOBr-P25 is very
similar to that of P25 and increases by decreasing the BiOBr amount,
probably ascribable to a higher defect concentration and/or an increase
in the charge recombination rate.

The data reported in Table 1 indicate that the band gap for the BiOX
samples narrows by increasing the atomic number of the halogen, and
this is in agreement with the literature [60].

BiOX samples present (Table 1) small surface areas (< 4 m? g’l),
which gradually increase in the composite samples due to the high
specific surface area of TiO P25 (50 m? g_l).

Scanning electron microscopy (SEM) can be utilized to observe the
microstructure of the samples. BiOCl (Fig. 4a) exhibits a tightly stacked
sheet-like structure. Upon coupling with P25, the morphology is prac-
tically coincident with that of TiOy [61] due to its higher amount
(Fig. 4b). Moreover, during the ball milling process, an aggregation of
BiOCl into an irregular structure can occur. The same trend can be found
in BiOBr (Fig. 4c) and BiOBr-P25 (Fig. 4d) samples. In Figs. 4 e-f, the
elemental mapping illustrates the distribution of Bi, O, Cl, Br, and Ti,
showing that all elements are uniformly dispersed and confirming an
intimate contact among P25 and BiOCl or BiOBr. Notably, the Bi signal
in the EDX analysis was quite weak, likely due to the heterogeneous
distribution of BiOCl/BiOBr within the composite. Since EDX primarily
provides information from the surface shallow layers, it may not fully
capture the overall Bi content of the material. A more accurate and
representative measurement of the Bi concentration throughout the
entire sample was achieved through ICP-OES analysis, offering a bulk-



T. Kanwal et al.

a) 5% BiOBr-P25

200
180 l
160 | &
140 } ®
120 ®
100 F
80
60
40
20 | P
0o e : !
-0.3 -0.1 0.1 0.3 0.5
Potential (V vs Ag/Ag(Cl)

Iy (nA)

5% BiOBr-P25

(=)
—

100
()0 L
5; 80
< 70
260 |
2 50 |
40
~ 30 TR |
S 20 f
10 +
0 4 L L

0 500 1000 1500

Time (s)

Journal of Water Process Engineering 76 (2025) 108219

A

o BIOCI-P25

50 F °
0 ® A L 1
-0.3  -0.1 0.1 0.3 0.5
Potential (V vs Ag/AgCl)

5% B1OCI-P25

OCP (mV vs Ag/AgCl)
S
(=]

0 .
0 500 1000
Time (s)

Fig. 7. a) Current transient under monochromatic light recorded at 310 nm and applied potential ranging from —0.3 to 0.2 V vs Ag/AgCl; b) Photopotential recorded

under dark and at 310 nm.

sensitive quantification of the elemental composition. The measures
were carried out on the 5 % BiOX (X = Cl, Br) composites. The measured
bismuth (Bi) content in the BiOCI-TiO5 composite was 2.86 wt%, lower
than the theoretical value expected for a 5 wt% BiOCl loading. Using the
molar mass ratio of Bi to BiOCI (80.26 %), the actual BiOCl content was
determined to be 3.56 wt%, indicating some degree of underestimation.
Similarly, for the BiOBr-TiO5 composite, the measured Bi content was
3.21 wt%, which is also lower than the theoretical expectation for a 5 wt
% BiOBr loading. Considering the molar mass ratio of Bi to BiOBr (73.91
%), the actual BiOBr content was calculated to be 4.34 wt%, demon-
strating a comparable deviation from the intended composition.

Several factors may contribute to these discrepancies, including
inherent inaccuracies in ICP-OES measurements. Despite these varia-
tions, the successful detection of Bi in both samples confirms the
incorporation of BiOCI and BiOBr into the TiO5 matrix, which is crucial
for their photocatalytic performance.

The structural and morphological properties of the BiOCI-P25 and
BiOBr-P25 composites were examined using high-resolution trans-
mission electron microscopy (HRTEM) and selected area electron
diffraction (SAED), as depicted in Fig. 5. Low-magnification TEM images
(Fig. 5a and d) provide an overview of the composites’ morphology,
revealing a heterogeneous distribution of quasi-spherical nanoparticles
with distinct contrast variations, indicative of the coexistence of BiOCl
or BiOBr, and TiO; phases [50]. The observed differences in contrast
suggest the layered structure of BiOCl and BiOBr and the agglomerated
nature of TiO, nanoparticles. High-resolution TEM images (Fig. 5b and
e) confirm the presence of well-defined lattice fringes, characteristic of

BiOCl, BiOBr, and TiO,. The measured interplanar spacings were
compared with standard crystallographic values, where the lattice fringe
spacing of 0.35 nm in Fig. 5b corresponds to the (101) plane of anatase
TiOo, validating the presence of TiO, nanocrystals in the composite [62].
Additionally, a lattice spacing of 0.22 nm is attributed to the (110) plane
of BiOCl, supporting the structural integrity of BiOCl within the heter-
ostructure [63]. Fig. 5e further proves these findings, with a d-spacing of
0.75 nm, corresponding to the (001) plane of BiOCl, while the 0.35 nm
spacing is again assigned to TiOs (101). Moreover, the BiOBr-P25
sample in Fig. 5e exhibits a distinct d-spacing of 0.35 nm, attributed
to the (101) plane of BiOBr, pointing to the successful incorporation of
BiOBr within the composite structure [51]. The representative SAED
pattern (Fig. 5c) exhibits distinct diffraction spots forming poly-
crystalline rings, indicative of the crystalline nature of the BiOCI-TiO4
heterostructure. The clarity of the diffraction spots further suggests high
crystallinity [64].

Photocurrent spectra were recorded to check the impact of the
addition of BiOX on the intrinsic electronic properties of TiOy P25. The
spectra were obtained at the applied potential of 0.1 or 0.2 V versus Ag/
AgCl and are reported in Fig. 6a. In particular, the spectrum of bare P25
[48] and those of their composites with BiOX do not show significant
differences: peaks at around 320 nm are present for all powders.
Assuming indirect optical transitions, the band gap values (Eg) can be
calculated using Eq. 3:

(Qun o hv) 0'so<(h1/ —E,) 3)

Qph is the photocurrent yield, and hv is the photon energy. The
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Table 2

Photocatalytic results in terms of tetracycline (TC, 100 ppm) and oxytetracycline
(OTC, 100 ppm) conversion and TOC removal percentage after 5 h of UV
irradiation.

Catalyst TC TOC OTC TOC
conversion  removal conversion  removal
(%) (%) (%) (%)
P25 95.9 66.9 97.9 60.4
BiOCl 99.8 27.2 99.6 16.1
3%BiOCl-P25 99.5 57.1 98.3 39.8
5%BiOCl-P25 98.9 66.5 99.6 87.3
7%BiOCl-P25 98.5 72.5 95.8 75.9
7%BiOCl-P25" re- 99.3 73.8 - -
prepared
7%BiOCl-P25" 98.9 70.6 - -
recovered
BiOBr 98.4 20.9 99.81 25.4
3%BiOBr-P25 99.6 70.2 98.3 47.5
5%BiOBr-P25 98.9 72.5 99.7 60.2
7%BiOBr-P25 98.4 75.1 92.1 75.9

@ Results obtained with fresh re-prepared photocatalyst.
b Results obtained with the recovered photocatalyst.

definition of Qpy, requires that the photocurrent is corrected for the ef-
ficiency of the monochromator-lamp system and is proportional to the
light absorption coefficient for hv values close to the band gap. The
optical band gaps of the photocatalysts are determined by extrapolating
to zero the plots (Qpn h)%® vs hy (Fig. 6b). For example, for P25 [48]

and P25 coupled with BiOBr or BiOCl the values of ~3.2 eV are in
agreement with those found by applying the Kubelka-Munk function.

Fig. 7a shows the photocurrent recorded when the irradiation on the
sample is manually stopped by varying the applied potential (0.3-0.2 V
vs. Ag/AgCl). The measured photocurrent is anodic, as expected for n-
type semiconductors where TiOy is the main component, and ap-
proaches zero for a potential value of —0.2 V. This value can be
considered as an estimation of the flat band potential (Vg,) [48].
Furthermore, the value of the Open Circuit Potential (OCP) shifts
negatively under the effect of light irradiation (Fig. 7b), confirming the
n-type semiconductor behavior.

In Fig. 8 the EPR spectra recorded under darkness and irradiation for
selected photocatalysts are reported. In the presence of DMPO and Hy04
in the dark, no radical was detected, and this indicates that photo-
catalysts cannot generate radical species in the absence of irradiation.
After exposure to light, the formation of hydroxyl radicals (*OH) was
detected by the characteristic 1:2:2:1 quartet signal [65] resulting from
the paramagnetic resonance absorption of DMPO-OH*" adduct.

3.2. Photocatalytic activity

The photocatalytic results in terms of TC and OTC conversion and
degree of mineralization are shown in Table 2. In the presence of TiO;
P25, 95.9 % and 66.9 % and 97.9 % and 60.4 % of TC and OTC con-
version and TOC reduction of the two drugs were obtained, respectively.
Bare BiOCl and BiOBr showed an almost complete conversion of the two
antibiotics after 5 h of irradiation, while the mineralization was lower



T. Kanwal et al.

Journal of Water Process Engineering 76 (2025) 108219

a) 1% b) 1 4
TC oTC
= 0.8 7 031
1 -e-P25 s ~»-P25
(S : y o
i —=-BiOCl 0.6 —e—BIiOCI
! —4—BiOBr ——
5%BIOCKHP2S .
0.4 1 ——5%Bi0Br-P25 0.8 5%Bi0C1-P25
—+—5%BiOBr-P25
0.2 4 0.2 4
0 0 : . -
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time (min) Time (min)
c)
Simulated real matrice
£
=30 --TC
£ ——0TC
€ ~@-4-NP
=20
z
g
g
(B
0+ v : ———= -
0 50 100 150 200 250 300
Time (min)

Fig. 9. Variation of the concentration of TC (a) and OTC (b) versus UV light irradiation time in the presence of some representative photocatalysts. The percentage
difference between repeated tests is approximately 1.5 %; (c) simultaneous degradation of TC, OTC and 4-NP in the presence of 5%BiOCl-P25 sample.

a) TC degradation

100

80

Conversion (%)

1°Cycle 2°Cycle 3°Cycle 4°Cycle

b)
1

—No scavenger
—tert-butanol

i«— Ligthon

0.8 ANO,
Q ——benzoquinone
% 0.6 M0,
2 e %
- 1
1
Eoaf |
[ 1
Q 1
[} 1
S02 + |
Q 1
1
0 H Fla "
-30 0 30 60 90 120150180210 240270300

Time (min)

Fig. 10. a) TC degradation by using 7%BiOCI-P25 photocatalyst for four successive cycles; b) TC degradation by using 5%BiOCI-P25 in the presence of different

scavenging species.

than that found with P25. With the coupling of the two photocatalysts, a
high degree of conversion was observed, along with a higher minerali-
zation compared to that in the presence of TiO,. The percentages of
BiOX that gave, generally, the best results were 5 % for OTC and 7 % for
TC. The drug conversion, however, was always very high, but the TOC
removal increased with the increase of the amount of BiOX present in
the composites, and this can be explained by its higher oxidizing power.
To prove the stability of the catalysts and the reproducibility of the
preparation method, the results of a run carried out in the presence of TC
and the re-prepared 7%BiOCl-P25 (one of the more effective photo-
catalysts) are reported. The reproducibility of activity results with
reused catalysts was very good, as shown in Table 2.

In Fig. 9 the concentration of tetracycline (TC) and oxytetracycline
(OTC) versus irradiation time in the presence of bare and 5%BiOX (X =
Cl, Br)-P25 samples is reported. The home prepared samples allow to
degrade the two drugs in shorter time with respect to P25.

For large-scale industrial applications, the reusability of photo-
catalysts is crucial. The data reported in Fig. 10a show that the TC
conversion remains almost unchanged over four recycling cycles.

10

Fig. 10b presents the variation of the concentration of TC under
irradiation by using 5%BiOCl-P25 as photocatalyst in the presence of
different scavengers. The decrease in TC degradation after the addition
of all the scavenging species reveals an active role for all the species
formed after irradiation of the semiconductor, yet with holes playing a
minor role.

The photoactivity of the samples was also studied for the degradation
of 4-NP, a pollutant often present in aqueous effluents. 4-NP, in which a
single aromatic ring is present, is a simpler molecule with respect to the
TC and OTC [66,67]. In this case (see Fig. 11), unlike the observations
related to TC and OTC, the two bare BiOX resulted practically inactive or
slightly active, while in the presence of P25 about 74 % of this molecule
degraded in 2 h, and the composites of BiOX with TiO, showed a higher
photoactivity reaching a conversion of about 86 % and 88 % for 5%
BiOBr-P25 and 5%BiOCI-P25, respectively. These samples appear to
have good performance due to the close contact between the two com-
ponents, allowing for a more efficient separation of the photogenerated
charges.

The photoactivity of the two bare BiOCI and P25 and composite 5%
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figure legend, the reader is referred to the web version of this article.)

BiOCI-P25 samples was also evaluated by irradiating with simulated
solar light. Surprisingly, BiOCl displayed a very high photoactivity
affording about 72 % 4-NP conversion (like P25), while with the 5%
BiOCI-P25 heterostructure the conversion was about 85 %, similar to
that measured under UV irradiation.

Fig. 12 depicts the possible photocatalytic degradation mechanism of
the organics used as model wastewater compounds in the presence of
BiOX (X = Cl, Br)-TiO3 composites. According to literature [68-71], an
efficient type II heterojunction is formed after coupling TiO, with both
BiOCI and BiOBr, in which electrons move from BiOX to TiO, and holes
in the opposite directions. Electrons and holes, reacting with O, and
H,0, respectively, give rise to the very active radical species *Oz and
*OH that completely degrade organics into the eco-friendly molecules
COZ and Hzo.
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The data in Table 3, sourced from the literature, indicate that the
photocatalytic systems used are distinct from one another. Although the
same pollutants were degraded as in the present study, a direct com-
parison is not feasible due to the differences in the systems. In general, it
can be said that the concentrations of the various substrates in the
literature papers are lower than those we investigated, and the catalysts
used are often more complex. BiOX-TiO, composites have been found to
be, in many cases, more active than those reported in the literature, even
under irradiation with simulated sunlight. It should also be pointed out
that our systems, which are cheap and easy to prepare, could easily be
used in actual systems.

Although real water matrices are much more complex than those
studied in the laboratory, we can still consider remarkable the results
obtained since typical environmental concentrations of tetracycline and
oxytetracycline in water sources are lower than those used here, ranging
from ng/L to pg/L [72]. However, to simulate a real matrix, we mixed
the three studied pollutants. A solution containing 40 ppm TC, 40 ppm
OTC and 20 ppm 4-NP (for a total of 100 ppm pollutants) was prepared.
After 5 h of irradiation in the presence of 5 % BiOCl-P25, the conversion
was 99 %, 100 % and 95 % for TC, OTC and 4-NP, respectively. The
results demonstrated the high efficiency of the prepared photocatalysts
in complex systems in which the pollutants concentration is much higher
than that present in real wastewater.

4. Conclusions

BiOX samples (BiOBr and BiOCl) were prepared by a simple co-
precipitation method. They showed good photocatalytic properties
under aerobic conditions towards tetracycline and oxytetracycline an-
tibiotics, while they were not efficient towards 4-NP, a fairly common
pollutant in wastewater. BiOX-P25 composites, prepared by mixing
BiOX and P25 with a planetary ball milling apparatus, on the other hand,
were photoactive for all three substrates and mostly achieved a higher
efficiency than the single components, also under simulated solar light
irradiation. The highest conversion and degree of mineralization were
obtained by using the 5%BiOCl-P25 (99.6 % conversion and 87.3 %
mineralization for OTC) and 7%BiOBr-P25 (98.4 % conversion and 75.1

BiOBr-TiO,

Drugs

~*

e £ i J
e e
E,=2.9¢V
Ef= 3.1eV
BiOBr
Wt ht TiO,

= h* h"

HZOL.-OH \KN co_,,nzof—\/.OH 4—ZH20

Drugs

Drugs

Fig. 12. The possible photocatalytic degradation mechanism of pollutants by using the BiOX-TiO, composites.
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Table 3
Comparison between literature studies reporting the degradation of TC, OTC and 4-NP.
Photocatalyst Catalyst amount (g/L)  Light Source Irradiation time (min)  Conversion (%) Initial concentration  Ref.
(ppm)
BiOBr 1 Visible light 90 94 20 TC [73]
TiO, 0.1 uv 920 78 30 TC [74]
Hydroxyapatite/ BiOClL 0.2 Solar light 60 90 30 OTC [75]
Bi,0,CO3/BiOBr 0.16 Visible light 120 95 10 TC [76]
Zn0/S-BiOCl 0.4 Visible light 15 51 20 TC [771
C-N-S tri-doped TiOy 0.5 Visible light 180 99 TC removal, 5TC [78]
26 TOC removal
BizsFeOso/BiOCl 0.2 300 W Xe lamp 120 86.7 10 OTC [79]
MIL100(Cr)/BiOCl 0.8 White light LED assembly 120 84 OTC removal; 40 OTC [80]
48.9 TOC removal
Ti-MOF/BiOCl 0.5 Xenon lamp 60 96 15 TC [81]
(300 W)
MOF902(Ti)/BiOCl 0.2 White light LED (100 W) 40 78 TC removal; 20 TC [82]
50 TOC removal
3D-BiOCl 0.3 Xenon lamp (300 W) 920 77 20 OTC [83]
Graphene sand composite/BiOCl 0.5 Solar light (35 x 10° 1x) 120 85 10 OTC [84]
7%BiOCl- TiO(P25) 0.3 UV light (125 W) 300 99 TC removal; 100 ppm TC This work
74 TOC removal
7%BiOCl- TiO4(P25) 0.3 UV light (125 W) 300 96 OTC removal; 100 ppm OTC This work
76 TOC removal
Ag/AgBr/BiOBr 0.5 Visible light 210 9% 10 4-NP [85]
Pt-BiOBr 1 300 W Xe lamp 60 85 10 4-NP [86]
Co(ID)-BiOCl@biochar 0.5 Vacuum ultraviolet irradiation 20 99 20 4-NP [87]
5%BiOCl- TiO(P25) 0.3 UV light (125 W) 120 88 20 4-NP This work
7%BiOCl- TiO4(P25) 0.3 150 W halogen lamp 120 85 20 4-NP This work

% mineralization for TC), thus outperforming TiOg P25. These findings
can be explained by considering the intimate contact between the two
photocatalysts and the enhanced charge transfer process, as highlighted
by PL measurements. The presence of a heterostructure in the coupled
photocatalysts has been confirmed by the various characterization
methods described above. The photocatalysts showed to be (photo)sta-
ble after four consecutive runs, thus suggesting their use in real waste-
water decontamination systems. Photoactivity under sunlight paves the
way for future large-scale application in pilot plants under direct solar
irradiation, considering the high effectiveness of the photocatalysts in
complex matrices containing all three studied pollutants.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2025.108219.
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