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ARTICLE INFO ABSTRACT

Keywords: The existence of pharmaceutical residues, such as paracetamol, in water bodies is extremely risky to the envi-
Glucose hydrochar ronment and human health, and thus efficient and sustainable remediation technologies should be developed. In
Photocatalysis this study, a novel ternary Z-scheme photocatalyst consisting of bismuth-rich oxybromide (Bi3O4Br), TiO,
E?g;cs;r:gllts nanobelts (TiO3 NB), and glucose-derived hydrochar (GH) was synthesized to degrade paracetamol under visible
Bis04Br light irradiation. The effect of the synthesis procedure was explored through a two-step and one-step hydro-

thermal synthesis method. The photocatalyst prepared with the two-step procedure showed better efficiency and
the increased growth of Bi3O4Br nanosheets around the hydrochar, resulting in better interface electronic
coupling and charge separation efficiency compared to the synthesized one-step material and Bi3O4Br/TiOy NB
heterostructure. Photocatalytic experiments showed that the two-step 10% composite displayed the highest
paracetamol degradation efficiency of approximately 91% at natural pH, outperforming the pristine TiOy NB,
Bi304Br, and the BizO4Br/TiO2 NB heterostructure photocatalyst under visible light irradiation. Scavenger tests
and electron paramagnetic resonance (EPR) analysis revealed the role of the reactive species (h*, «OH, and O5e7)
during the photocatalytic tests, indicating the primary contributions of holes and superoxide radicals and the
minor contribution of hydroxyl radicals. The Z-scheme mechanism was also proven by selective photodeposition
of Pt and MnOy. The photocatalysts remained active during five cycles of photocatalytic experiments and
demonstrated potential for treating real pharmaceutical wastewater, indicating their promising application in the
sustainable remediation of pharmaceutical wastewater.

1. Introduction

Photocatalysis refers to a light-induced chemical process in which a
photocatalyst absorbs photons to trigger redox reactions that degrade
pollutants into less harmful or mineralized forms. Its efficiency depends
on catalyst characteristics, pollutant concentration, light intensity, and
environmental factors, such as pH and temperature (Nannou et al.,
2025; Zeinali et al., 2025). As an advanced oxidation process (AOP),
photocatalysis offers clear advantages over conventional treatments like
adsorption, which merely transfer contaminants from one phase to
another. It decomposes completely persistent pollutants through the
formation of highly reactive oxygen species (ROS), including hydroxyl
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and superoxide radicals. This approach operates under ambient condi-
tions and utilizes solar energy as a renewable energy source (Wu et al.,
2025; Yang et al., 2025; Quimbayo et al., 2025). When irradiated, the
semiconductor photocatalyst generates electron-hole pairs, but the rapid
recombination of these charge carriers limits efficiency (Bertagna Silva
and Marques, 2025; Sun et al., 2025; Ahmadi et al., 2025a). To address
this, various modification strategies, such as doping, defect engineering,
and heterojunction design, have been developed. Among these,
Z-scheme heterojunctions are particularly effective, as they selectively
preserve the most reactive electrons and holes, enhancing redox per-
formance (Bertagna Silva and Marques, 2025; Li et al., 2025a, 2025b).
Although significant progress has been achieved, challenges remain,
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including short radical lifetimes. Continued development of efficient
photocatalysts and system designs is essential to advance photocatalysis
as a practical and sustainable method for the degradation of organic
pollutants (Nannou et al., 2025; Sun et al., 2025; Lin et al., 2025; Kimbi
Yaah et al., 2025; Ye et al., 2024, 2026).

The increasing presence of pharmaceutical residues in aquatic en-
vironments has become a significant environmental concern due to their
persistence and potential risks to ecosystems and human health
(Mukheef et al., 2024; Tabieh et al., 2025; Ahmed et al., 2025; Aljerf,
2018a). Among these contaminants, paracetamol is widely detected in
wastewater and surface waters due to its extensive consumption and
incomplete removal in conventional treatment systems (AlJerf et al.,
2026; Aljerf, 2018b; Hansen et al., 2025; Kaur and Pal, 2025). Conse-
quently, development of efficient and sustainable treatment technolo-
gies is essential for mitigating pharmaceutical pollution and improving
water quality. Light-emitting diodes (LEDs) have recently gained
prominence as an efficient alternative to conventional light sources in
photocatalytic systems. Unlike mercury or xenon lamps, LEDs combine
high energy efficiency, long lifespan, low heat output, and compact
design with environmental safety and low operating costs (Li et al.,
2022; Khodadadian et al., 2018). Their small size allows flexible
reactor configurations, enhancing overall process efficiency. Owing to
the advantages, LEDs have proven highly effective in driving photo-
catalytic degradation of organic pollutants and represent a promising
source of illumination for advanced environmental remediation
technologies.

Titanium dioxide (TiO2) is one of the most widely studied photo-
catalysts due to its stability, low cost, and non-toxicity (Asghar et al.,
2025). TiOy nanobelts (TiO, NB) have gained attention for photo-
catalytic applications due to their one-dimensional morphology, which
provides a high surface area and efficient charge transport along the
axial direction (Meng et al., 2025; Ahmadi et al., 2024a). However, its
practical application is limited by its wide band gap and rapid recom-
bination of photogenerated charge carriers. To overcome these limita-
tions, various strategies, such as heterojunction construction and
incorporation of carbon-based materials have been explored to enhance
visible-light activity and charge separation efficiency. Bi-rich bismuth
oxybromides photocatalysts, such as BizO4Br have been developed by
tuning the Bi stoichiometry, which effectively adjusts the electronic
band structure and enhances charge carrier dynamics (Zhang et al.,
2025a). BizO4Br has a moderate bandgap (2.3-2.7 eV) that enables
efficient absorption of visible light while maintaining good photo-
stability (Wang et al., 2025; Niu et al., 2025). Its layered and
non-stoichiometric structure facilitates charge separation and sup-
presses electron-hole recombination relative to stoichiometric BiOBr
(Niu et al., 2025). These characteristics make it an interesting material
to be combined with TiO5 nanobelts.

Hydrochar, a carbonaceous material derived from biomass via hy-
drothermal carbonization (HTC), has recently gained attention as an
efficient and sustainable component in photocatalytic systems. Unlike
biochar produced through high-temperature pyrolysis, hydrochar is
synthesized under moderate conditions (180-260 °C, 2-6 MPa) in an
aqueous medium (Li et al., 2022; Zhang et al., 2024). This process yields
a material rich in structural defects and oxygen-containing functional
groups such as hydroxyl, ether, and carboxyl moieties. These surface
functionalities enhance chemical reactivity, facilitate electron transfer,
and in some cases promote the generation of reactive oxygen species
(ROS), all of which are essential for photocatalytic redox processes
(Zhou et al., 2019; Dong et al., 2025). While biochar has been exten-
sively utilized as a conductive scaffold or electron mediator in
semiconductor-based photocatalysts, the potential of hydrochar in
similar applications has only recently started to be explored. The syn-
thesis of carbon materials, such as activated carbon or biochar require
drying of raw materials before process, high temperatures, and in some
cases activating agents, such as KOH or H3POg4, whereas the synthesis of
hydrochar requires less energy and is compatible with
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moisture-containing feedstocks, such as biogas digestate (Yadav et al.,
2024). The abundant oxygenated surface groups on hydrochar can act
as electron shuttles, promoting efficient interfacial charge transfer be-
tween semiconductor surfaces and reactant molecules (Li et al., 2022;
Dong et al., 2025; Nor and Amin, 2019). Moreover, hydrochar could
improve the stability and durability of semiconductor photocatalysts
(Yadav et al., 2024). Hydrochar has demonstrated considerable poten-
tial in forming high-performance photocatalytic composites, such as
HC/TiO, (Zhang et al., 2024), Fe304/BiOBr/HC (Li et al., 2022),
AgBr/BioWOg/HC (Dong et al., 2025), and BiaWOg/TiO2/HC (Qi et al.,
2023) showing enhanced photocatalytic efficiencies compared with
their pristine counterparts, primarily due to hydrochar's ability to pro-
mote charge separation, extend visible-light absorption, and enhance
pollutant adsorption at the catalyst interface.

While photocatalytic materials have advanced during the past years,
their application in real-world environmental systems remains a major
challenge. Many reported studies rely on high-energy UV sources and
certain pH conditions. Therefore, there is a growing need for photo-
catalysts that can operate efficiently under visible light and near-neutral
pH. In this context, the development of energy-efficient and environ-
mentally relevant photocatalytic systems is essential for advancing
water treatment technologies. Herein, for the first time, we report the
ternary Z-scheme Bi3O4Br/TiO; nanobelt/glucose hydrochar (BizO4Br/
TiO2 NB/GH) photocatalyst and systematically illustrate the crucial role
of the synthesis method on the structure, charge transfer process, and
photocatalytic activity. Unlike previous research efforts that mainly
concentrated on the composition of the photocatalysts, this study not
only explores the importance of the one-step versus two-step hydro-
thermal method but also explores the importance of the glucose
hydrochar in photocatalysis. Different ratios (5%, 10%, 15%, and 20%)
of the glucose hydrochar were utilized to synthesize the BizO4Br/
TiOoNB/GH. The materials were comprehensively characterized. Addi-
tionally, the effect of parameters, such as pH, temperature, concentra-
tion, and photocatalyst dosage, on the degradation of paracetamol was
investigated. Active species trapping experiments, EPR studies, and se-
lective photo-deposition of Pt and MnOy were conducted to elucidate the
photocatalytic mechanism and charge carrier migration. The reusability
of the Bi3O4Br/TiO2 NB/GH were also assessed across four cycles. The
performance of BigO4Br/TiOs NB in degrading real pharmaceutical
wastewater was also evaluated.

2. Experimental section
2.1. Synthesis of BisO4Br/TiO2 NB/GH (one-step vs two-step)

The detailed procedure for the synthesis of BizO4Br, TiO, NB, and
Bi3O4Br/TiO5 NB is described in our previous studies (Ahmadi et al.,
2024b, 2025b). The photocatalyst containing glucose hydrochar was
synthesized by the addition of different amounts of glucose precursor in
order to have glucose hydrochar in the final product. Various amounts of
glucose (5, 10, 15, and 20 W %) were added during the synthesis of the
Bi304Br/TiO2 NB heterojunction. A certain amount of glucose (accord-
ing to each ratio) was added to 20 mL of MQ water and stirred for
15 min. The glucose solution was added to the mixture of BigO4Br pre-
cursors (2 mmol of Bi(NO3)3-5H50 in 10 mL of ethylene glycol + 2 mmol
of KBr in 10 mL of ultra-pure Milli-Q water) and the as-prepared TiO2 NB
before adding the NH4OH. The mixture was stirred for 20 min and then
5 mL of NH4OH was dropped into the solution in order to get the Bi3O4Br
in final product. Finally, the mixed solution was transferred into an
autoclave and heated at 160 °C for 18 h, followed by multiple washing
cycles with ethanol and MQ water. Then, the sample was dried at 80 °C
for 24 h. The samples synthesized in this method were labelled as
one-step materials.

Another method was also used to synthesize these photocatalysts
which was the two-step hydrothermal process. First, different amounts
of glucose (5, 10, 15, and 20 W %), which were exactly the same as the
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one-step method, were added to 20 mL of MQ water. Then, the as-
prepared TiO; NB were added to glucose solution and hydrothermally
treated at 180 °C for 12 h. Then, the obtained material was washed
thoroughly and dried at 80 °C overnight. In the next step, 2 mmol of Bi
(NO3)3-5H,0 was stirred in 10 mL of ethylene glycol until a clear so-
lution formed. Then, 2 mmol of KBr was stirred into 10 mL of Milli-Q
water. The two solutions were then combined to produce a white sus-
pension, and the previously prepared TiO, NB/GH was added to this
mixture. After stirring for 30 min, the mixture was transferred into an
autoclave and heated at 160 °C for 18 h. The final product was obtained
after thoroughly washing with ethanol and MQ water as well as drying
at 80 °C for 24 h. The synthesized materials were labelled as two-step
photocatalysts.

2.2. Characterization and EPR methodology

Structural analysis was performed using a Rigaku MiniFlex X-ray
diffractometer (Co anode). Diffraction patterns were recorded over a
scan range of 5-90° (20) and a step size of 0.02°. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a Thermo Fisher
Scientific ESCALab 250Xi, and the data were processed with Ther-
moAvantage™ software. All binding energies were referenced to the Cls
peak at 284.8 eV. Sample morphology was examined using a Zeiss Ultra
Plus FESEM equipped with an EDX detector. Platinum or carbon coating
was applied to prevent charging depending on the materials. Trans-
mission electron microscopy (TEM) was conducted using a JEOL JEM-
2200FS EFTEM/STEM microscope. Nitrogen adsorption-desorption an-
alyses were performed on Micromeritics ASAP 2020 to determine BET
surface area, pore size, and pore volume. Prior to measurement, samples
were degassed under vacuum at 120 °C for 720 min, followed by ni-
trogen sorption at —196 °C. Pore characteristics were evaluated using
the BJH method. FTIR spectra were collected with a Bruker Vertex v80
spectrometer coupled to a Harrick Praying Mantis DRIFT unit, covering
400-4000 cm™!. Raman spectra were obtained with a Timegated® 532
Pico Raman spectrometer (Timegate Instruments, Oulu, Finland), using
50% laser power to avoid sample alteration, and processed using Shsqui
Matlab® software. Elemental composition was assessed with a PAN-
analytical® AXIOS mAX 4 kW XRF spectrometer with Omnian semi-
quantative programme and a LECO CS-200 carbon sulphur analyser with
loose powder method. UV-Vis diffuse reflectance spectra were recorded
using a SHIMADZU UV-2600. The Kubelka-Munk method was applied to
estimate the band gap energies of the photocatalysts (Equation (1)).

(hv x F(R) = (Ahv — Eg)"/2> m

In this equation, F(R) represents the Kubelka-Munk function, h de-
notes Planck's constant, and v is the frequency of the incident light. Ais a
proportionality constant, while Eg corresponds to the band gap energy.
The value of n depends on the type of optical transition, with n = 1 used
for direct transitions and n = 4 for indirect transitions. Electrochemical
measurements were performed using a Metrohm Vionic system, with
data acquisition and analysis completed through the Intello software
package. The powdered materials were pressed between two electrodes
at a pressure of 200 kgf cm~2. Impedance data were recorded using a
10 mV perturbation over a frequency range of 2 MHz to 0.1 Hz, and the
results were displayed as Nyquist plots. Photoluminescence (PL) spectra
were collected with a Horiba Fluorolog-QM spectrometer, using a
250 nm excitation source. Emission spectra were measured from 330 to
750 nm at 1 nm steps with an integration time of 1 s. All analyses were
carried out under identical experimental conditions.

The chemicals used for EPR measurement are 5,5-dimethyl-1-pyrro-
line-N-oxide (DMPO) and 2,2,6,6-Tetramethyl-4-piperidone 95%
(TEMP), 2,2,6,6-Tetramethylpiperidine 1-oxyl, 2,2,6,6-Tetramethyl-1-
piperidinyloxy 98% (TEMPO) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). EPR measurements were carried out on a Bruker EMX
Plus spectrometer (Rheinstetten, Germany) under the following
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conditions: microwave frequency, 9.83 GHz; microwave power, 20 mW;
modulation frequency, 100 kHz; modulation amplitude, 0.5 G; magnetic
field scan, 60 or 80 G; sweep time, 168 s; and sample temperature, 25 °C.
Irradiation experiments were performed using a visible light source (Br.
Patent: PI 0802369-7 A2, 2008) equipped with a 500 W halogen lamp,
delivering an energy dose of 720 J em ™2, as previously described
(Gongalves et al., 2020; Alonso et al., 2016). To avoid sample heating,
the light beam was passed through a water filter of sufficient thickness to
absorb infrared radiation. The samples consisted of 100 pL of aerated
photocatalyst suspensions (1 mg mL™Y). Irradiation was performed for
10 min using the light source previously described. Three distinct
experimental conditions were employed to detect specific reactive spe-
cies: (i) hydroxyl radicals were probed using 25 mM DMPO (purified
with activated charcoal) in water; (ii) singlet oxygen was detected using
25 mM TEMP in water; and (iii) hole formation was assessed using
100 pM TEMPO in water. Control samples lacking photocatalyst were
prepared in parallel under identical conditions. Following irradiation,
30 pL aliquots were transferred into 1 mm inner diameter glass capil-
laries, flame-sealed, and immediately analyzed by EPR spectroscopy.

2.3. Photocatalytic activity evaluation and scavenger experiments

Photocatalytic experiments were performed in a 250 mL jacketed
beaker with a 50 W LED panel positioned above it. Temperature was
controlled using water circulation, and the light intensity at 10 cm from
the solution surface was 111 pW cm ™2 Further details on the reactor
setup and lamp spectrum are provided in our earlier study (Ahmadi
et al., 2024b). The schematics of the photocatalytic reactor are pro-
vided in Fig. S1. Air was supplied through a flow meter, and each
experiment used 200 mL of solution. Before irradiation, samples were
kept in the dark for 30 min to reach equilibrium. The reaction proceeded
for 180 min, during which 2 mL samples were taken at intervals and
filtered through a 0.45 pm PTFE syringe filter. A UV-Vis spectropho-
tometer (UV-2600, SHIMADZU) was used to measure paracetamol at
243 nm and to observe changes in the wastewater spectrum during
treatment. The initial and final TOC values were obtained using a TOC
analyzer (TOC-L, SHIMADZU). Ammonium oxalate (AO), furfuryl
alcohol (FFA), isopropyl alcohol (IPA), and 1,4-Benzoquinone (BQ) were
employed to scavenge h', (*0,), OH, and Oe” species, respectively. A
0.1 mM amount of the scavenger species was used in the experiments.
The concentrations of scavengers were selected according to their sol-
ubility constraints and UV-Vis spectrophotometer limitations. All the
photocatalytic experiments were repeated three times to ensure the
reproducibility of the experiments.

To further evaluate the photocatalytic performance of the synthe-
sized materials, the degradation kinetics of paracetamol were deter-
mined using a pseudo-first-order kinetic model, which is widely applied
for photocatalytic degradation of organic pollutants. The kinetic model
can be expressed as Equation (2), where Cy and C; represent the initial
and time-dependent concentrations of paracetamol, respectively, and k
is the apparent reaction rate constant (Wu et al., 2020, 2021; Wang
et al., 2018).

In(Cy / C,) =kt )

2.4. Selective photo-depositions of Pt and Mn

A solution containing 0.01 mmol of HyPtCle-6H20 or Mn(acac); was
added to 15 mL of ethyl acetate and sonicated for 5 min. Then, 50 mg of
two-step 10% material (most effective photocatalyst in this study) was
added to the solution and exposed to visible-light irradiation (50 W LED)
at constant temperature (25 °C) using a jacketed beaker for 1 h. The
resulting materials were collected by centrifugation, washed with ab-
solute ethanol and MQ water, and finally dried at 60 °C overnight.
Finally, EDX was carried out to see the deposition sites of Pt and Mn.
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3. Results and discussion
3.1. Characterizations

Elemental quantification via XRF confirmed the presence of C, Ti, Bi,
O, and Br in the sample, as shown in Table 1.

Nitrogen adsorption-desorption analyses were performed for glucose
hydrochar, Bi3O4Br/TiO2 NB, one-step, and two-step materials. The
isotherms and the pore size distributions are presented in Figs. S2 and
S3. Among the hydrochar containing samples, one-step 20% exhibits
the largest specific surface area (Table 2). The specific surface area of
one-step 10% and two-step 10% materials were determined to be
24 m? g~ ! and 25 m? g1, which are very close to each other.

The XRD diffractograms of Bi3O4Br, TiO NB, and Bi3O4Br/TiO; NB
are presented in Fig. S4 and discussed in detail in our previous works
(Ahmadi et al., 2024b, 2025b). The XRD results of the one-step and
two-step samples, presented in Fig. 1, show that the crystalline structure
is almost similar to the BizO4Br/TiO2 NB. The XRD diffractograms are
very similar for two-step materials, including the intensities of the
peaks. This shows that that the glucose hydrochar did not interfere with
the formation of the crystalline phases of Bi3O4Br and TiO; NB during
the two-step synthesis. Regarding one-step materials, as the amount of
hydrochar increases the intensity of the peaks decreases, which indicates
that the general crystallinity of the material is decreased because of the
amorphous structure of the HC and the possible coverage of crystalline
structures by amorphous carbon (Wu et al., 2020; Wang et al., 2018).
While a certain degree of structural disorder may introduce additional
active sites, excessive decrease in crystallinity can negatively affect
charge transport by increasing the density of defect sites that act as
recombination centers. In contrast, the two-step synthesis preserves the
crystalline structure more effectively, which is beneficial for charge
transport and overall photocatalytic performance. This interpretation is
consistent with the photocatalytic results (Fig. 10), where the one-step
samples exhibit lower degradation efficiency. In both one-step and
two-step materials, no diffraction peak attributable to HC was observed
due to its amorphous nature. Some peak shifts were observed with
one-step and two-step materials (Fig. S5), of which the shifts for one-step
materials were more significant. For example, the peak at around
20 = 34.42° was negatively shifted to 34.1°, 34.18°, 34°, and 33.98° for
5% one-step, 10% one-step, 15% one-step, and 20% one-step, respec-
tively. In addition, shifts from 20 = 34.42° to 34.34°, 34.38°, 34.32°, and
34.26° for 5% two-step, 10% two-step, 15% two-step, and 20% two-step
materials were noted, respectively.

To investigate the surface functional groups of the hydrochar
(Fig. S6) and photocatalysts, DRIFT measurement was done (Maad et al.,
2026). The broad absorption band observed around 3200-3560 cm!
was attributed to O-H stretching vibrations, indicating the presence of
hydroxyl groups from adsorbed water or surface hydroxyl functional-
ities. Aliphatic C-H stretching vibrations were identified near
2920-2985 cm ™}, corresponding to methylene and methyl groups. The
bands at 1614 cm™! were assigned to C=C stretching in aromatic or
furan structures, while peaks around 1710 cm ™! indicated C=0 vibra-
tions from carbonyl groups. Additional features in the 968-1058 cm !

Table 1
XREF results of the synthesized materials.
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Table 2
BET results of the synthesized materials.

Sample Spgr (Mm% Total pore volume Average Pore diameter
g (em®g™h) (nm)
Glucose 12 0.02 10
hydrochar
Bi304Br/TiO, 23 0.11 19
NB
One-step 5 % 18 0.12 24
One-step 10 % 24 0.14 21
One-step 15 % 28 0.17 20
One-step 20 % 37 0.20 19
Two-step 5 % 21 0.13 27
Two-step 10 % 25 0.14 21
Two-step 15 % 24 0.14 22
Two-step 20 % 25 0.14 21

range were attributed to C-O and C-O-C vibrations, suggesting the
presence of ether and aliphatic oxygenated groups. The detection of
bands near 1300-1454 cm™! further confirmed vibrational modes
associated with furan monomers, highlighting the formation of poly-
furan structures. Overall, the FTIR spectra demonstrate that the hydro-
char surface is rich in oxygenated functional groups, including hydroxyl,
carbonyl, carboxyl, and ether moieties, which are likely to influence its
interaction with reactive species and catalytic performance (Li et al.,
2022; Dong et al., 2025; Yadav et al., 2024; Michel et al., 2024; Zhang
et al., 2025b). The DRIFT results of the Bi3O4Br/TiO NB, one-step,
and two-step photocatalysts revealed the presence of various func-
tional groups and characteristic vibrations (Fig. 2a and b). Broad bands
observed around 3200-3650 cm ™! were assigned to O-H stretching vi-
brations of adsorbed water. This band looks similar between BizO4.
Br/TiO2 NB and two-step materials, but with regards to one-step
materials, as the amount of hydrochar increased, a small sharp band
was observed at around 3484 cm~!. Additionally, the band near
1616 cm ™!, associated with the O-H bending vibration of molecular
water, became slightly more pronounced in the samples containing
hydrochar (Imam et al., 2018, 2019). Weak aliphatic C-H stretching
vibrations at around 2940 cm ™! were observed for all the materials. The
Bi-Br stretching vibrations were detected at approximately 1394 cm ™.
This band became broader after the addition of hydrochar. Bi-O, Ti-O,
and Ti-O-Ti vibrations appeared in the 450-980 cm™! range, with the
sharp Bi-O band around 848 cm ™! becoming less intense in samples with
hydrochar content. The overlapping of several metal-oxygen vibrations
in this region complicated precise assignments, but these features
collectively confirmed the structural and compositional characteristics
of the synthesized photocatalysts (Ahmadi et al., 2024b, 2025b).

The Raman spectrum of HC is presented in Fig. S7, showing the
amorphous structure of the hydrochar. When the hydrochar was added
to the Bi3O4Br/TiO, NB composite, a decrease in the intensity of Raman
peaks was observed and more hydrochar led to significant intensity
decline, which is consistent with the XRD results. Various noisy peaks
related to hydrochar are present in one-step materials (Fig. 3a), which
results in a wavy spectrum, while these peaks were not observed for the
two-step materials (Fig. 3b). It is also observed that the peaks were

Sample Weight % Atomic % Compound %
Ti Bi (0] Br C Ti Bi (0] Br C TiO2 Biz04Br

One-step 5 % 8.4 68.5 14.8 5.9 0.4 11.3 21.2 60.3 4.7 2.3 14 76.3
One-step 10 % 7.2 70.1 14.3 5.9 0.5 10.1 22.3 59.6 4.9 3.0 12 78.1
One-step 15 % 8.6 67.9 15.0 5.7 0.6 11.4 20.6 59.8 4.5 3.3 14.4 75.7
One-step 20 % 7.6 70.1 14.3 5.5 0.8 10.4 21.8 58.6 4.5 4.4 12.7 78.2
Two-step 5 % 7.1 61.3 12.5 7.8 0.2 11 21.9 58.4 7 1.2 12 75.4
Two-step 10 % 8.2 61.1 13.1 7.8 0.2 12.21 20.8 58.8 6.9 1.2 13.7 75.2
Two-step 15 % 9.1 65.4 14.2 8.3 0.3 12.5 20.6 58.4 6.8 1.6 15.3 80.4
Two-step 20 % 8.9 59.1 13.2 7.5 0.3 13.1 20 58.4 6.6 1.7 14.8 72.7
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Fig. 1. XRD diffractograms of (a) one-step and (b) two-step photocatalysts.
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Fig. 3. Raman results of (a) one-step and (b) two-step materials.

negatively shifted after the addition of hydrochar for
and two-step materials, leading to a decrease in

crystallinity. This shift may result from interactions between BizO4Br/
TiO, NB and the hydrochar surface (Sanchez-Silva et al., 2024).
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Regarding Bi3O4Br/TiO, NB, there exist some peaks centered at 144,
199, 388, 514, and 635 em~ L. All the peaks observed a tiny negative shift
or remained at the same position after the addition of hydrochar. The
peak observed at 144 cm™! can be ascribed to Eg1 (O-Ti-O symmetric
bending) or Eg (internal Bi-Br stretching) modes due to overlapping of
Bi3O4Br and TiO2 NB Raman peaks. In our previous studies (Ahmadi
et al., 2024b, 2025b), the B;g modes of oxygen atom vibration were
observed at around 376 cm ™!, while the peak observed at 399 cm! (B1g
mode), corresponds to O-Ti-O counter-bending and symmetric vibra-
tions. Therefore, for the hydrochar containing materials, the peak at
388 cm ™! could be attributed to these. In addition, A;g + B1g mode
corresponds to O-Ti-O counter-bending and symmetric vibrations
appeared at 514 cm™L.

X-ray photoelectron spectroscopy was conducted to investigate the
surface chemical states of the synthesized materials. The survey spectra
confirmed the presence of Ti, Bi, Br, O, and C in all hydrochar containing
materials (Fig. S8). As expected, the hydrochar containing materials
exhibited enhanced C 1s peak intensity compared to pristine BigO4Br/
TiO2 NB, verifying the coupling of hydrochar with the BisO4Br/TiO3 NB.
All binding energy values were calibrated using the adventitious carbon
C 1s peak at 284.8 eV. The Ti 2p3,» and Ti 2p; / peaks of Bi304Br/TiO,
NB were positioned at 458.36 and 464.62 eV, characteristic of Ti*"
species. In hydrochar containing composites, both peaks displayed a

(a) (b)
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slight negative shift of ~0.2 eV relative to BigO4Br/TiO, NB, implying
strong coupling between BizO4Br/TiO2 NB and hydrochar (Zhang et al.,
2024; Cheng et al., 2019; Feng et al., 2023). Also, low-valent state of Ti
species (Ti3+) might exist in TiOz NB or some defects might have been
formed by the reduction of Ti** during the hydrothermal synthesis of
TiO4 nanobelts as previously described in our earlier study (Fig. 4a and
b) (Ahmadi et al., 2025b; Cheng et al., 2019). The high-resolution Bi 4f
spectrum of BizO4Br/TiO, NB displayed characteristic Bi>* peaks at
159.06 eV (Bi 4f7/2) and 164.36 eV (Bi 4f5,3) (Zhao et al., 2016). Upon
introduction of hydrochar, both peaks shifted towards lower binding
energies. This negative shift indicates a strong electronic interaction
between hydrochar and BizO4Br/TiO2 NB. It is consistent with the
presence of unpaired electrons in the carbon atoms, which can strongly
interact with the surface electrons of the Bi3O4Br/TiOy NB, thereby
facilitating charge transfer transitions. This highlights the role of
hydrochar in promoting interfacial charge transfer (Fig. 4c and d) (Yang
et al., 2023). Similarly, the Br 3d spectrum of Bi3O4Br/TiO, NB featured
3ds,2 and 3ds,» peaks at 68.38 and 69.44 eV, respectively. In the
hydrochar containing materials, these peaks shifted slightly, confirming
that Br™ anions also experience a modified electronic environment due
to interfacial interactions (Fig. 4e and f) (Ju et al., 2025). Such shifts
were observed by another study in lignin-biochar/BiOBr that further
suggests facilitated charge transfer across the interface (Yang et al.,

(c)
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Fig. 4. High resolution XPS spectra of the synthesized materials.
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2023). The O 1s spectra of BigO4Br/TiO, NB and hydrochar containing
samples could be deconvoluted into two primary components centered
at 529.70 eV and 530.99 eV, originating from lattice oxygen (Ti-O/Bi-O)
and surface hydroxyl groups (-OH), respectively (Zhang et al., 2024;
Wang et al., 2023). The O 1s peak shifted towards lower binding en-
ergies for all hydrochar containing materials compared to Bi304Br/TiO5
NB (Fig. 4g and h). The C 1s spectra shows two peaks at 284.8 and
288.6-288.8 eV that were observed in all hydrochar containing samples.
The former might correspond to C=C/C-C bonds, while the latter may be
associated with oxygen-containing carbon species (C=0) (Fig. 4i) (Li
et al., 2022). Overall, the negative shifts observed in the Bi 4f, Br 3d,
Ti 2p, and O 1s binding energies of the hydrochar-containing samples
clearly demonstrate strong interfacial electronic coupling between the
hydrochar and the Bi3O4Br/TiOy NB.

The effect of hydrochar on the visible light absorption and bandgap
of the composites was investigated. The UV-Vis DRS spectra in Fig. 5a
reveals that all photocatalysts show a sharp absorption edge around
400 nm, but the intensity of absorption in the visible range (450-
800 nm) increases markedly upon the addition of hydrochar (Fig. S9).
Although the absorption edge of the one-step and two-step materials
shifts slightly toward shorter wavelengths, the overall absorbance at
longer wavelengths is noticeably enhanced compared with the BizO4Br/
TiOy NB. This increase in visible-light absorption is attributed to the
broad and continuous light-harvesting capability of the hydrochar, as
well as to possible interfacial interactions between the semiconductor
and the carbonaceous component. These effects enable the BizO4Br/
TiO2 NB to capture more visible photons despite the negative minor
absorption edge shift, suggesting that hydrochar could improve the
optical response of the materials. The same results were obtained by
other studies (Dong et al., 2025; Qi et al., 2023; Zhang et al., 2025b; Fan
et al., 2023; Liu et al., 2017). The bandgap of Bi3O4Br/TiO NB was
earlier determined to be 2.88 eV based on Kubelka-Munk equation
(Ahmadi et al., 2025b; Makuta et al., 2018). The calculated bandgaps of
the one-step and two-step materials are presented in Fig. 5b. Also, the
bandgap energy diagram with more zooming and intercepts are pre-
sented in Fig. S10.

Glucose hydrochar has spherical morphology (Fig. 6a) with non-
uniform carbon sphere sizes. Fig. 6b-i shows that the surface of the
carbon sphere is covered by the Bi304Br/TiO2 NB. The amount of carbon
in the one-step and two-step materials is very low based on the XRF, and
this is the reason why there are small amounts of spheres in the FESEM
images. Figures with higher magnifications (20 KX and 50 KX) are
presented in the supplementary materials (Figs. S11-513). EDX results
(Fig. 7a-b) show the uniform distribution of bismuth and titanium on
the materials.
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The presence of Bi3O4Br/TiO, NB heterojunction was earlier
confirmed by TEM in our previous study (Ahmadi et al., 2025b).
Comparing the TEM images of Bi3O4Br/TiO3 NB (Ahmadi et al., 2025b),
one-step 10% (Fig. 8a-b), and two-step 10% (Fig. 8c—d) materials, it can
be inferred that there are some very dark spots in the TEM of these
materials. Due to the very low amount of carbon, we cannot see the
carbon sphere structures in the TEM images very well, but these dark
places look like a round particle. Therefore, we can assume a carbon
sphere covered by BigO4Br/TiO, NB is present there. In order to confirm
whether these dark places are related to carbon spheres or not, the EDX
has been carried out. The results shown in Fig. 8e—j confirmed the
presence of carbon. The microstructure and interfacial characteristics of
the synthesized two-step 10% photocatalyst were further investigated
by HRTEM analysis, as shown in Fig. 9. HRTEM images reveal intimate
contact between the TiO5 nanobelts and Bi3O4Br, confirming successful
heterostructure formation, with the BigO4Br phase attached to the TiO,
nanobelt. Lattice fringes with interplanar distances of 0.282 nm and
0.374 nm correspond to the (020) plane of Bi3O4Br and the (201) plane
of TiOy NB, respectively, and their well-resolved appearance confirms
good crystallinity of both phases. A distinct interfacial region between
the two components indicates strong coupling, which is favorable for
efficient charge carrier migration and suppression of electron-hole
recombination during photocatalysis.

3.2. Photocatalytic experiments

The degradation of paracetamol was investigated with the synthe-
sized materials for 180 min (Fig. 10). The photolysis was determined to
be 2% in our previous study (Ahmadi et al., 2025b). TiO NB was able to
degrade the paracetamol only 8% under visible light irradiation, while
the degradation was calculated to be 58% for Bi3O4Br. There was an
improvement in the degradation of paracetamol (76%) when the
Bi304Br/TiO2 NB heterojunction was employed. The photocatalysts,
containing the glucose hydrochar, showed different behavior for the
degradation of paracetamol. All the one-step materials experienced a
decrease, whereas the two-step materials demonstrated an improvement
in the degradation of paracetamol. In order to investigate the reason for
this, PL and EIS were carried out (Fig. 11). One-step 10% and two-step
10% samples were selected for these measurements and the results
supported the photocatalytic degradation experiments. Both PL and EIS
indicated that the emission intensity of two-step 10% is the lowest,
leading to the highest separation efficiency of photogenerated charge
carriers. Also, it is observed that the emission intensity of one-step 10%
is higher than Bi3O4Br/TiO3 NB, which could support the photocatalytic
degradation results. It should be noted that the EIS measurements were
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Fig. 5. (a) UV-Vis DRS and (b) band gap energies.
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irradiation.

performed on pressed powder pellets; therefore, the results primarily
reflect bulk and contact resistance rather than direct interfacial charge
transfer under photocatalytic conditions in solution. Nevertheless, the
arc radius of two-step 10% sample is lower than that of Bi3O4Br/TiO2 NB
and one-step 10%, resulting in the best electron-hole separation. This
trend is consistent with the PL results and enhanced photocatalytic
performance, supporting more efficient charge separation. Therefore,
the improved photocatalytic performance of two-step 10% was due to its
higher carrier separation rate and lower charge transfer resistance.

As shown in Fig. 10, the degradation data exhibits a good linear
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relationship when plotted versus irradiation time, indicating that the
photocatalytic degradation process follows pseudo-first-order kinetics.
The corresponding linear fitting plots and calculated rate constants for
all synthesized photocatalysts are presented in Fig. S14. The obtained
rate constants clearly demonstrate that the two-step synthesized pho-
tocatalysts exhibit significantly higher reaction rates compared to the
one-step counterparts, which is consistent with their superior photo-
catalytic performance. For example, the rate constant (k value) for two-
step 10% and one-step 10% is 0.3063 min ' and 0.02004 min?,
respectively.

The effect of initial pH on paracetamol degradation (using two-step
10% photocatalyst) was evaluated at pH 4, 6.5 (natural without
adjustment), and 10. As shown in Fig. 12a, degradation efficiency was
lowest (76%) under acidic conditions (pH 4), likely due to TiO2
agglomeration, which reduces surface area and light absorption.
Compared to our previous study where only BizO4Br/TiO2 NB was used,
there is an improvement in the degradation of paracetamol under acidic
conditions when HC is present in the heterojunction, showing that HC
can contribute to activity or durability of the heterojunction under
acidic conditions. Higher efficiencies were achieved at natural (pH 6.5,
87%) and alkaline pH (pH 10, 82%) after 180 min. Therefore, neutral pH
offers optimal conditions, ensuring high degradation efficiency. In
addition, the solution pH had an effect on the degradation kinetics. The
rate constant (k value) increased from 0.02556 min~" at pH=4toa
maximum value of 0.0327 min~! at pH = 11 (Fig. S15 and Fig. S16).

The impact of different concentrations of paracetamol is shown in
Fig. 12b. The degradation efficiency of 5, 10, 15, and 20 mg L™* was
determined to be 92%, 87%, 80%, and 54%, respectively. The degra-
dation efficiency was gradually decreased by increasing of paracetamol
concentration until a significant decline was observed with 20 mg L ™! of
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Fig. 11. (a) PL spectra and (b) EIS results.
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Fig. 12. The effect of (a) pH, (b) pollutant concentration, (c) photocatalyst dosage, and (d) temperature on the degradation of paracetamol.

paracetamol. This behavior is consistent with previous works (Niu et al.,
2026; Abdul-Raheem et al., 2025), where reduced degradation effi-
ciency at increased pollutant's concentrations was observed. The initial
paracetamol concentration significantly influenced the reaction rate.
The highest rate constant (0.07554 min~') was observed at an initial
concentration of 5 mg L™}, while further increases in concentration led
to a gradual decrease in rate constant (Fig. S15 and Fig. S16). To eval-
uate the influence of photocatalyst dosage on paracetamol degradation,
photocatalyst masses of 0.1, 0.2, and 0.3 g were used while maintaining
the other parameters constant. As illustrated in Fig. 12c, the degradation
efficiency increased steadily with higher photocatalyst loading, reaching
52%, 87%, and 93% for 0.1 g, 0.2 g, and 0.3 g of the two-step 10%
photocatalyst, respectively. This improvement is mainly due to greater
production of reactive species and availability of active sites at higher
photocatalyst dosages, which can contribute to good catalytic
performance.

The influence of temperature on paracetamol degradation was
examined, and the experiments were performed at room temperature
(23 °Q), 35 °C, 45 °C, and 50 °C for 180 min. As shown in Fig. 12d, the
raising of the temperature increased paracetamol degradation. The
degradation performance at 35 °C (91%), 45 °C (92%), and 50 °C (93%)
after 180 min is quite close to each other. In general, the improvement of
the paracetamol degradation after temperature rise could be attributed
to promoting greater production of hydroxyl radicals at higher tem-
peratures, thereby accelerating the photocatalytic degradation process
(Ahmadi et al., 2025b; Janus et al., 2012; Hosny et al., 2022). Kinetic
studies revealed that the reaction kinetics improved with increasing
temperature, with the rate constant rising from 0.3063 min ' at room
temperature to 0.04399 min~! at 50 °C (Fig. S15 and Fig. S16).

Table 3 compares the experimental conditions and degradation ef-
ficiencies obtained in this study with those reported in previous in-
vestigations. In overall, it is challenging to compare different studies due
to differences in reactors and experimental conditions that impact the
reaction. In our study, we used 50W LED panel (the spectrum can be
found in our previous study (Ahmadi et al., 2024b)) as a light source,
which is more sustainable than UV lamps or the power consumption is
much lower than in the studies mentioned in the table.

It should be noted that the TOC removal of paracetamol was evalu-
ated to be 63% with 0.2 g of two-step 10% photocatalyst. The experi-
ment was done at a natural pH of paracetamol and room temperature,
using 10 mg L™! of paracetamol without any scavengers.

3.3. Studies on the mechanism of degradation

To suppress specific reactive species in the photocatalytic degrada-
tion of paracetamol, ammonium oxalate (AO) targeted h*, furfuryl
alcohol (FFA) scavenged singlet oxygen, isopropyl alcohol (IPA)
quenched eOH radicals, and benzoquinone (BQ) scavenged Oze’. The
results (Fig. 13a) indicated that holes have the primary contribution to
the degradation of paracetamol as the degradation efficiency decreased
from 93% to 37% (~60% percentage point decrease). At the catalyst
surface, photogenerated holes can act as reactive oxidizing species that
have the potential to directly target and break down pollutant mole-
cules. The extent of degradation depends on how effectively the pol-
lutants interact with and adsorb onto the photocatalyst (Li et al., 2024).
In addition, highly reactive hydroxyl radicals are produced as a result of
the interaction of holes with surface -OH groups or adsorbed water
molecules (Li et al., 2024). The degradation efficiency was also reduced
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Table 3
Comparison of our study with other existing studies.
Photocatalyst Process parameters Degradation Reference
.. R B R R efficiency (%)
pH Dosage (g Initial concentration Reaction time Light source Temperature
LY (mg L™ (min) Q)
TiO2/Nb,Os - 0.6 30 - 40 W LED - 90.6 Bi et al. (2021)
La-doped ZnO - 1 100 180 3*20 W fluorescent 25 99 Thi and Lee (2017)
lamps
Biy03/MnO, 68 1 5 300 200 W LED 27 94.3 Parida et al. (2023)
Ag/Zn0O 11 0.75 5 35 8 WUV - 94 Mohsentabar et al.
(2023)
Cuy0/WO3/TiO4 9 0.25 1 60 150 W xenon lamp room 92.5 Chau et al. (2022)
temperature
Fe-TiO, 3.5 - 25 215 7*36 W UVA - 96.6 Puri et al. (2021)
Zn0O/g-C3N4 9 0.2 30 60 500 W xenon lamp - 95 Hassan et al. (2024)
(P, S)-doped g- 7 1 20 60 xenon lamp 20 99.5 Cako et al. (2023)
C3N4/TiO,
Fe304/BiOBr@HC 6 0.6 10 40 50 W LED Room 100 Li et al. (2022)
temperature
TiOy/hydrochar 3.6 0.5 50 70 250 W xenon lamp Ambient 100 Zhang et al. (2024)
Ag/AgBr/BisWOe/ 7 1 10 90 50 W LED - 97.5 Dong et al. (2025)
CHC
BiaWOg/TiO2/HC 6 1 10 60 50 W LED - 99.5 Qi et al. (2023)
Bi304Br/TiO, NB/ 65 0.2 10 180 50 W LED 35 91 This study
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Fig. 13. (a) Scavenger experiments with two-step 10%, (b) EPR spectrum of hydroxyl radicals, (c) EPR spectrum of hole radicals, and (d) EPR spectrum of
singlet oxygen.

to 38% and 45% in the presence of FFA (=55% percentage point decrease) and BQ (~48% percentage point decrease), showing that the
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singlet oxygen and superoxide radicals contribute largely to the photo-
catalytic degradation of paracetamol as well. The addition of IPA
decreased efficiency slightly to 82%, indicating the role of hydroxyl
radicals in our system (~11% percentage point decrease).

To compare the generation of reactive species by the synthesized
photocatalysts under visible light irradiation, hydroxyl radical produc-
tion was monitored using DMPO (Fig. 13b). Irradiation of DMPO in
water alone led to the formation of the DMPO-eOH adduct via water
radiolysis; this signal was adopted as the reference (intensity = 1.00). All
photocatalysts produced hydroxyl radicals, with TiOo NB exhibiting the
highest relative intensity (5.06). Hole (h") formation was investigated
using the spin label TEMPO, which loses its EPR signal upon oxidation to
TEMPO™ after donating its unpaired electron to h™. Fig. 13c shows the
spectra of 100 pM TEMPO in aqueous solution after irradiation, both in
the absence and presence of photocatalysts. No change in signal in-
tensity was observed without photocatalyst (intensity = 1.00). The
greatest signal decay occurred with the one-step 10% photocatalyst,
reducing the TEMPO signal to 72% of its initial intensity. Given the
initial TEMPO concentration of 100 pmol L™}, this corresponds to the
detection of 28 pmol L™ of holes generated under the experimental
conditions. Singlet oxygen formation was assessed using TEMP in
aqueous suspensions, where its reaction with singlet oxygen oy gen-
erates the stable radical TEMPO, detectable by EPR (Fig. 13d). A weak
TEMPO signal was observed as a background spectrum, likely due to
minor impurities in the TEMP sample, and remained unchanged during
10 min of irradiation in the absence of photocatalyst. This baseline
signal was used as the reference (intensity = 1.00). The strongest 10
signals were observed for the one-step 10% material and TiO, NB, with
relative intensities of 2.97 and 2.84, respectively. Photocatalytic
degradation studies have traditionally focused on the hydroxyl radical
(eOH) as one of the major reactive oxygen species (ROS) involved in
pollutant degradation. However, recent reports suggest that the role of
singlet oxygen (102) should also be considered (Kuk et al., 2023).
Moreover, 10, has been proposed as an alternative oxidative pathway
for selective oxidation of target compounds in complex matrices (Chen
et al., 2021; Xu et al., 2022). Importantly, the formation of 10, is
believed to involve superoxide (¢03) as a key intermediate, suggesting a
mechanistic link between different ROS species (Xu et al., 2022). The
detection of holes (h™) using TEMPO further complements our results, as
hole-mediated oxidation is a critical step in initiating ROS formation.
The one-step 10% photocatalyst, for instance, exhibited the highest hole
generation capacity, which correlated with elevated levels of both 10,
and eOH.
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3.4. Reusability and performance of the two-step 10% material towards
real wastewater treatment

The decrease in photocatalytic activity observed after repeated cy-
cles can be attributed to the accumulation of intermediate products on
the catalyst surface and partial blockage of active sites. Such behavior is
commonly reported in photocatalytic systems and represents a key
challenge for practical implementation. Despite this decline, the pho-
tocatalyst maintains a considerable level of activity after multiple cycles,
indicating its potential for further optimization through improved
regeneration strategies or catalyst immobilization approaches.

Reusability is a key consideration for the practical use of photo-
catalysts. To obtain initial information about stability, the two-step 10%
photocatalyst was tested over five degradation cycles. As shown in
Fig. 14, the paracetamol degradation efficiency remained at 64% after
the fifth cycle. The decline in performance may be attributed to the
formation of intermediate products in the pores and on active sites. Such
behavior is commonly reported in photocatalytic systems and represents
a key challenge for practical implementation. Despite this decline, the
photocatalyst maintains a considerable level of activity after multiple
cycles, indicating its potential for further optimization through
improved regeneration strategies or catalyst immobilization
approaches.

The two-step 10% was also used in degrading real diluted pharma-
ceutical wastewater over 24 h at dosages of 0.2 g and 0.4 g. The pH of
real wastewater was measured to be 11.1. It should be noted that the 1%
and 5% diluted wastewater had a pH of 9.8 and 10.2, respectively. As
indicated in Table 4, TOC removal of 5% diluted pharmaceutical
wastewater improved when the photocatalyst amount increased from
0.2 g (23%) to 0.4 g (32%). However, TOC removal remained almost
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Table 4
TOC removal results of real pharmaceutical wastewater.
Pollutant Photocatalyst Time Initial TOC Final TOC
dosage (g) (h) (mgL™) (mgL ™)
1% real 0.2 24 89.2 62.1
pharmaceutical
wastewater
5% real 0.2 24 448.1 345.5
pharmaceutical
wastewater
1% real 0.4 24 89.2 62.2
pharmaceutical
wastewater
5% real 0.4 24 448.1 305.3
pharmaceutical
wastewater
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Fig. 14. (a) Reusability studies, UV-Vis spectra of (b) 1% diluted real pharmaceutical wastewater degradation in 24 h and (c) 5% diluted real pharmaceutical

wastewater degradation in 24 h.
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constant for both 0.2 g (30%) and 0.4 g (30%) of photocatalyst for the
degradation of 1% diluted pharmaceutical wastewater. Fig. 14b-c dis-
plays the UV-Vis spectra of real pharmaceutical wastewater at different
percentages of dilution (1% and 5%).

The morphology of the photocatalyst after degradation of paraceta-
mol was investigated by FESEM images (Fig. 15a and b for the fresh and
Figs. 15c and d for the recovered). Based on the images the recovered
photocatalyst (two-step 10%) indicates good structural stability. The
Bi3O4Br nanoflakes and TiO2 nanobelts can be clearly observed both at
low and high magnifications. TEM imaging supported further the FESEM
results. The Bi3O4Br nanoflakes, TiO, nanobelts, and glucose hydrochar
can be observed in Fig. 15e (fresh) and Fig. 15f (recovered). EDX anal-
ysis also confirmed a similar distribution of elements for fresh and
recovered samples (Fig. S17). To gain more information about the sta-
bility of photocatalysts, FTIR and XRD analyses were performed. XRD
patterns of the fresh and recovered catalysts (Fig. 15g) exhibit sharp
diffraction peaks corresponding to the crystalline phases of BizO4Br and
TiO5 NB. No peak shifts were observed for the used catalyst, indicating
structural and phase stability. FTIR results (Fig. 15h) showed that the
broad absorption bands around 3500 cm™!, assigned to the O-H
stretching vibrations of surface hydroxyl groups and adsorbed water
molecules, were observed for both the fresh and the recovered samples.
The bands, which were assigned to metal-oxygen bonds at lower
wavenumber region, supported the existence of Bi-O and Ti-O. However,
the recovered photocatalyst showed a new small absorption band
around 1160 cm ™, which is attributed to G-O stretching vibration. In
addition, sharper aliphatic C-H bands for the recovered photocatalyst at
2854, 2925 and 2960 cm™! can be assigned to adsorbed paracetamol
degradation products and intermediate species, such as muconic acid
and oxalic acid, although they were also present in fresh photocatalyst
and partly be originated from the residual ethylene glycol used in the
synthesis (Ahmadi et al., 2024b, 2025b). From the above-mentioned
discussion, it can be inferred that the adsorbed paracetamol interme-
diate species could be one of the reasons for decline in the activity. The
long-term stability and potential metal leaching of photocatalysts are
critical parameters governing their practical applicability in water
treatment systems. The release of metal ions into the treated solution not
only compromises catalyst reusability but may also introduce secondary
contamination, thereby undermining the remediation objective. To
evaluate the stability of the two-step 10% photocatalyst, inductively
coupled plasma mass spectrometry (ICP-MS) was employed to quantify
the concentration of leached Bismuth (Bi) and Titanium (Ti) ions in the
reaction solution after the 1st and 5th photocatalytic paracetamol
degradation cycles. Titanium leaching remained negligible throughout
the cycling experiments. The Ti concentration in solution increased
marginally from 0.09 pg L™} after the 1st cycle to 0.67 pg L™! after the
5th cycle. Bi leaching exhibited a more pronounced and progressive
trend across the five cycles. The Bi concentration rose from 8.57 pg L™}
after the 1st cycle to 149.00 pg L' after the 5th cycle, representing a
17-fold increase.

3.5. Charge transfer and reaction mechanism

Photo-deposition methods were employed to determine the location
of electrons and holes, utilizing HyPtClg-6H>O and Mn(acac), as pre-
cursors (Zhao et al., 2024; Guan et al., 2021). When light is irradiated, Pt
nanoparticles preferentially develop at areas with electron accumula-
tion, while MnOy signifies zones abundant in photogenerated holes. As
shown in Fig. 16a, Pt is mainly located on the BigO4Br. In comparison,
MnOy species are mainly detected on the TiO, NB (Fig. 16b). These
findings offer compelling evidence for the creation of a Z-scheme het-
erojunction involving Biz04Br and TiO2 NB as shown in Fig. 17. In this
mechanism, photogenerated electrons are accumulated in BizO4Br,
whereas holes are accumulated in TiO5 NB.

Based on the analysis of the band structure and experimental find-
ings, a plausible photocatalytic mechanism for the Bi3O4Br/TiOy NB/
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hydrochar system can be suggested. As shown schematically (Fig. 17),
Bi3O4Br, TiO2 NB, and hydrochar are excited by photons, producing
electrons in the conduction bands (CB) and holes in their valence bands
(VB). The CB and VB edge potentials of TiOy NB are positioned at
—0.59 eV and 2.62 eV, respectively, whereas Bi3O4Br shows a more
negative CB level (—0.83 eV) and a less positive VB level (1.90 eV).
Electrons excited by light in the conduction band of TiO, NB often move
towards hydrochar and then recombine with holes in the valence band
of BigO4Br. In this process, hydrochar may serve as an efficient electron
mediator because of its electrical conductivity and surface oxygen-
containing functional groups (hydroxyl, carbonyl, and carboxyl), thus
enhancing interfacial charge transport. The electrical conductivity of the
glucose-derived hydrochar (Fig. S18) was measured under compression
up to 2000 kg cm™2. The conductivity ranged from 3.16 x 107! to
1.77 x 107! S em™!. This low conductivity is characteristic of hydro-
chars synthesized at low temperatures (160 °C to 180 °C) and reflects the
predominantly amorphous carbon structure with abundant oxygen-
containing functional groups (Ren et al., 2020). Although the bulk
conductivity is low, this does not hinder photocatalytic performance, as
photocatalytic reactions are primarily surface-driven processes. The
presence of surface functional groups may promote interfacial charge
transfer during photocatalytic degradation. The C=0 group on the
surface of hydrochar can function as electron acceptor and temporarily
accept and shuttle electrons (Dung et al.; Zhang et al., 2023). Conse-
quently, electrons with significant reduction potential are retained in
the CB of Bi3O4Br, whereas highly oxidative holes exist in the VB of TiO,
NB. The collected electrons in the conduction band of Bi3O4Br
(—0.83 eV) have adequate reduction potential to catalyze dissolved
oxygen and produce superoxide radicals (eO3). Simultaneously, the
holes preserved in the VB of TiOy NB (2.62 eV) can oxidize water or
hydroxide ions that are adsorbed on the surface to generate hydroxyl
radicals (¢OH), in addition to direct oxidation of molecules of organic
pollutants (Li et al., 2024). Moreover, hydrochar can aid in improved
light absorption, offer additional adsorption sites, which boost the
pollutant-catalyst interaction and facilitate the generation of reactive
oxygen species. The surface oxygen-containing functional groups play a
crucial role in the ability of hydrochar to promote reactive oxygen
species generation (Chen et al., 2025). As evidenced by the EPR results
of our study, the hydrochar-containing samples exhibit a strengthened
singlet oxygen signal and enhanced hole participation. The combined
effects of effective charge separation, maintaining the favorable redox
potential, and the electron-shuttling function of hydrochar enable the
continuous generation of reactive species like #O3, OH, and h*, which
engage in the sequential oxidation and mineralization of pollutants. This
Z-scheme heterojunction design significantly improves photocatalytic
efficiency by optimizing charge utilization and preserving robust
oxidation-reduction ability in the Bi3O4Br/TiO; NB/hydrochar com-
posite. Similar results were obtained in the literature (Li et al., 2020,
2022; Niu et al., 2026; Abdul-Raheem et al., 2025; Zhou et al., 2023).

4. Conclusions

The Bi3O4Br/TiOy NB/GH ternary photocatalyst with excellent per-
formance in the visible light-driven degradation of paracetamol was
successfully synthesized. The comparison between one-step and two-
step methods showed that the method is important to reach improved
structure integrity, interfacial charge transfer, and overall photo-
catalytic activity. Compared with the one-step method, the two-step
method allowed BigO4Br nanosheet growth with high density and
interlocking on the TiO, NB/GH framework leading to high interfacial
charge transfer, effective charge separation, and low electron-hole
recombination rates, proven by PL and EIS analyses. The two-step
10% had the highest photocatalytic activity, with about 91% degrada-
tion efficiency of paracetamol at natural pH (6.5). The optimization
studies revealed that increasing the initial paracetamol concentration
led to a reduction in degradation efficiency, with a marked drop
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Fig. 15. FESEM images of (a-b) fresh and (c-d) recovered two-step 10%, TEM image of (e) fresh and (f) recovered two-step 10%, (g) XRD results and (h) FTIR results

of fresh and recovered two-step 10% photocatalyst.
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Fig. 17. Proposed photocatalytic mechanism for Bi3O4Br/TiO, NB/hydrochar
photocatalyst.

observed at 20 mg L™ of paracetamol. Also, higher photocatalyst dos-
ages and temperatures enhanced degradation performance. Scavenger
and EPR analyses confirmed that all photocatalysts could generate
reactive oxygen species under visible light. Photogenerated holes were
the dominant reactive species in paracetamol degradation, with super-
oxide radicals also playing a significant role and hydroxyl radicals
contributing to a lesser extent. Moreover, selective photo-deposition of
Pt and MnOy provided additional evidence for a Z-scheme mechanism.
The photocatalyst remained active after five cycles of reaction and
reached partial mineralization of real pharmaceutical wastewater
samples.
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