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This work focuses on developing a new flow-circulation system for simultaneous detection and
degradation of oxytetracycline (OTC) in fish farm wastewater to address a need for antibiotic abatement
in wastewater treatment. Polyvinyl pyrrolidone capped bismuth oxybromide assembled with a reduced
graphene oxide (PVP-BiOBr@rGO) photocatalyst was solvothermally synthesized and characterized. The
prepared photocatalyst exhibited a morphological flower-like structure with a high surface area, 47.59
m? g~L Its band gap energy was 2.93 eV. A ternary PVP-BiOBr@rGO composite showed lower charge
recombination than its pure form. PVP-BiOBr@rGO was filled inside a catalyst column of a flow system,
with a spectrophotometer at the column end. Wastewater was continuously transported through the
column and OTC spectrophotometrically examined during its degradation. The wastewater was
recirculated until the OTC concentration was minimized. This system achieved 90.3% degradation of
OTC within 180 min. The catalyst column could be regenerated for 2 cycles. The proposed flow system
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DOI: 10.1039/d5ra01825k offers the advantages of ease of use, inline operation, and real-time sensing. This highlights a potential
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1. Introduction

Antibiotics are often used in animal agriculture (e.g., poultry
and fish farms) to treat diseases and promote growth. There is
some information on antibiotic use in animal agriculture. It is
estimated that approximately 80% of all antibiotics sold in the

“Flow Innovation-Research for Science and Technology Laboratories (FIRST Labs),
Thailand. E-mail: saowapak.te@kmitl.ac.th

*Department of Chemistry and Applied Analytical Chemistry Research Unit, School of
Science, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

‘Department of Chemical Engineering, King Mongkut's University of Technology
Thonburi, Bangkok 10140, Thailand

“Department of Physics and Smart Materials Research and Innovation Unit, School of
Science, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

‘Department of Chemistry and Smart Materials Research and Innovation Unit, School
of Science, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520,
Thailand

/Department of Chemistry and Center of Excellence for Innovation in Chemistry,
Faculty of Science, Ramkhamhaeng University, Bangkok 10240, Thailand

*Materials Chemistry Research Center, Department of Chemistry and Center of
Excellence for Innovation in Chemistry, Faculty of Science, Khon Kaen University,
Khon Kaen 40002, Thailand

T Electronic  supplementary  information
https://doi.org/10.1039/d5ra01825k

(ESI) available. See DOI:

17720 | RSC Adv, 2025, 15, 17720-17729

for real-world sustainable wastewater treatment applications.

U.S. are administered for animal farming." Antibiotic use on
farms is anticipated to grow by 8% between 2020 and 2030.”
There are global concerns about their excessive use. Amongst
the various antibiotics, oxytetracycline (OTC), a broad-spectrum
drug widely used in medicine and agriculture,® has been iden-
tified as a prominent wastewater contaminant. Due to its
hydrophilic nature and low volatility, OTC residues can persist
in soil, natural water and even drinking water. OTC contami-
nation in the environment contributes to the development of
antibiotic-resistant microorganisms,* which harm humans by
increasing the risk of certain infections. Therefore, OTC residue
removal is needed before discharging farm wastewater into the
environment.

Physicochemical methods such as membrane filtration and
adsorption processes have been adopted for OTC removal.>®
However, the major drawback of such processes is that they only
transfer the drug from one phase to another, leaving it in a toxic
form. Advanced photochemical processes are interesting ways
to solve environmental problems. These methods involve clean
and sustainable treatments, which use light radiation to convert
pollutants into innocuous forms. Numerous photocatalytic
materials have been proposed for the degradation of OTC, for
example, ZnO, g-C;N,, ZnO/NiO, CuO/Bi,WOs, and benzene
polymer/Bi,M00Os/GO, among others.”™ Heterostructure
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photocatalysts have attracted increasing attention compared to
single-component systems. By combining different materials,
these composites can optimize light harvesting, facilitate effi-
cient charge carrier separation, and enhance redox capabilities,
resulting in significantly improved photocatalytic activity.'>**

Bismuth oxybromide (BiOBr) photocatalysts have gained
consideration for their unique properties which include visible-
light absorption, facile synthesis, low toxicity, and high photo-
catalytic efficiency. Their efficiency can be further improved
through several modifications, viz., metal/non-metal doping,
heterojunction construction, and carbon-based hybrid
composites.**** Polyvinyl pyrrolidone (PVP) was employed as
a capping agent to control the structural, morphological, and
surface properties of BiOBr, and thus the photocatalytic activity
of PVP-BiOBr for degrading pollutants. It was enhanced
compared to an unmodified BiOBr photocatalyst.'**® Reduced
graphene oxide (rGO), with its ultrahigh surface area and
excellent electrical properties, has been established for use in
a hybrid with BiOBr photocatalyst.®>* rGO acts as an electron
acceptor, which enables photogenerated electron transfer and
extends the lifespan of electron-hole pair recombination, hence
photocatalytic activity is significantly enhanced.**** Addition-
ally, the adsorption capability of rGO, hybrid composites offer
a synergistic effect, combining both adsorption and photo-
catalysis for more effective pollutant removal.***®

Much recent research has proposed various photocatalysts
for pollutant removal from wastewater. However, these studies
used batch conditions.®***¢2*232> Conventional batch methods
have inherent drawbacks in real-world applications. After pho-
tocatalytic treatment, it is difficult to separate the photo-
catalysts from the treated water and regenerate them.*® To
overcome this limitation, innovative flow-based methods have
emerged as promising alternatives. Recently, continuous flow-
circulation systems have been developed for photocatalytic
and adsorptive removal of ammonia, phenols, and indigo
carmine dye.*”?® A pollutant-containing solution was fed from
a sample vessel to a catalyst reactor by a peristaltic pump. The
effluent was returned to the sample vessel and transferred to the
reactor again until the pollutant concentration was sufficiently
reduced. With a flow-circulation system, catalysts were trapped
in a reactor and were not suspended in the treated water.
Consequently, it is easier to regenerate and reuse catalysts in
practical water treatment applications.

In this study, we developed an innovative flow-based system
that integrates a PVP-BiOBr@rGO photocatalyst to enable inline
degradation and real-time detection of oxytetracycline (OTC). A
PVP-BiOBr@rGO photocatalyst was synthesized using a facile
solvothermal method, followed by comprehensive character-
ization to reveal its morphological, structural, and optical
properties. We stored the photocatalyst in a flow-through
column connected to a downstream spectrophotometer. As
the influent passed through the column and detector, OTC was
effectively degraded, with residual levels promptly measured.
We also evaluated the reusability of the synthesized catalyst.
The developed system demonstrated its usefulness in treating
OTC-contaminated wastewater from fish farms, showing its
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potential for practical applications in environmental remedia-
tion of OTC contamination.

2. Experimental

2.1. Synthesis of PVP-BiOBr

PVP-BiOBr was synthesized via a solvothermal method accord-
ing to our previous report.’® In a typical procedure, 0.075 M
bismuth nitrate pentahydrate was prepared by weighing
1.0907 g of Bi(NO;);-5H,0 (Sigma-Aldrich, USA) into 30 mL of
ethylene glycol (Sigma-Aldrich, USA) with vigorous stirring for
30 min. Then, 0.3010 g of polyvinyl pyrrolidone (MW 40 000)
(Sigma-Aldrich, USA) was incorporated into the bismuth nitrate
solution. Separately, a 0.071 M potassium bromide solution was
prepared by dissolving 0.2546 g of KBr (Ajax Finechem, Aus-
tralia) in 30 mL of ethylene glycol under vigorous stirring for
30 min. The potassium bromide solution was added to the
bismuth nitrate solution with subsequent stirring for 1 h. After
that, the mixture was transferred to a Teflon-lined stainless steel
autoclave and heated at 160 °C for 12 h. A gray precipitate was
obtained. The precipitate was collected by filtration and washed
with DI water and ethanol at least 3 times. Finally, the product
was dried at 60 °C for 6 h. For comparison, the bare BiOBr
photocatalyst was synthesized using the procedure described
above with no PVP addition.

2.2. Synthesis of rGO

Reduced graphene oxide (rGO) was prepared from chemically or
thermally treated graphene oxide (GO), as previously reported.*
Briefly, 100 mL of a GO suspension (2 mg mL ') was mixed with
100 mL of DI water, 1 mL of a 30% ammonia solution (Baker,
USA), and 0.1 mL of a 65% hydrazine hydrate solution (Sigma-
Aldrich, USA). The mixture was heated and stirred at 95 °C in
an oil bath for 45 min. An rGO suspension was obtained. The
rGO powder was collected by vacuum filtration and dried
overnight at 60 °C. A general procedure for synthesis of the
starting GO is provided in the Supplementary Information.f

2.3. Synthesis of PVP-BiOBr@rGO composite

The PVP-BiOBr@rGO composite was prepared based on
previous work with some modifications.” Typically, 20 mg of
rGO was dispersed in 30 mL of an ethanol : water solution (2: 1
v/v) with ultrasonication for 1 h. Subsequently, 100 mg of PVP-
BiOBr was added to the rGO suspension. The mixed solution
was further sonicated for 1 h. After that, the suspension was
maintained at 120 °C for 3 h in a Teflon-lined stainless-steel
autoclave. The resulting composite was filtered, washed with
DI water and ethanol, and dried at 60 °C. The PVP-BiOBr@rGO
composite was kept in a desiccator until further use.

2.4. Characterizations

The synthesized composite was characterized using various
techniques. Morphology was examined using scanning electron
microscopy (SEM, SU8000 Hitachi), operating at 10 kV. Chem-
ical composition was assessed using energy dispersive X-ray
spectroscopy (EDX) as part of the SEM apparatus. PVP-
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BiOBr@rGO crystal structure and purity were determined using
X-ray diffraction (XRD, Smartlab Rigaku) with Cu-Ka radiation
(2 =1.5406 A) and a 26 scan range of 5-80°. Specific surface area
was measured using N, adsorption-desorption isotherms at
77.3 K, applying the Brunauer-Emmett-Teller (BET) equation.
Pore size distribution was determined using desorption
isotherms and the Barret-Joyner-Halenda (BJH) method
(Micromeritics 3Flex). Diffuse reflectance spectra were studied
using UV-vis spectrophotometry (UV-2600 Shimadzu). Photo-
luminescence spectra were recorded with a spectrofluorometer
(RF-5301PC Shimadzu) at an excitation wavelength (A..) of
250 nm.

2.5. Batch study

Batch experiments were performed to find optimal conditions
for photocatalytic degradation of OTC by the PVP-BiOBr@rGO
photocatalyst. Ten mg of photocatalyst was suspended in
40 mL of a 10 mg L' OTC standard solution. The suspension
was stirred in the dark for 60 min to obtain an adsorption-
desorption equilibrium before light irradiation. At 15-min
intervals, 3 mL of an OTC solution was sampled, centrifuged,
and transferred into a cuvette for spectrophotometric absor-
bance measurements at 368 nm. Then, the concentration of
OTC was analyzed.

2.6. Flow-circulation set-up

A flow-circulation system was constructed as shown in Fig. 1.
The photocatalyst column was fabricated using transparent
Tygon tubing (2 cm long) and two nylon syringe filters (0.45 pm,
Millipore, USA) attached to the ends, packed with 10 mg of PVP-
BiOBr@rGO. The column was placed under two fluorescent
lamps (24 Watts, Philips, UK). Forty mL of wastewater con-
taining OTC was transported from a sample container through
the flow system using a peristaltic pump (ISM827B Ismatec,
USA) at 1.0 mL min ', A spectrophotometer coupled with a flow-
through cell (10 mm path length, Hellma Analytics, UK) was
located after the photocatalyst column to monitor the OTC
absorbance at 368 nm. The wastewater sample was returned to
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Fig.1 Schematic of a flow-circulation system with a PVP-BiOBr@rGO
photocatalyst incorporated for in-line removal and monitoring of
oxytetracycline.
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a container and re-circulated into the system until the %pho-
todegradation reached 90%. The sample solution was contin-
uously stirred in this container to supply dissolved oxygen for
the photocatalytic reaction.

Wastewater samples were collected from carp fish farm
effluents (Lop Buri, Thailand). The samples were filtered
through a 0.45 pm membrane filter to remove particulate
matter and spiked with 10 mg L™" of a standard OTC solution,
before transfer into the flow system. OTC concentration in the
sample solution was analyzed as a function of time. Photo-
degradation efficiency was determined using eqn (1):

% Photodegradation = (%) x 100 (1)
0

where C, is the initial concentration and C, is the concentration
at time ¢ of OTC (mg L") in the sample solutions, respectively.

3. Results and discussion

3.1. PVP-BiOBr@rGO characteristics

The XRD patterns of BiOBr, PVP-BiOBr, PVP-BiOBr@rGO, and
rGO are shown in Fig. 2a. The main characteristic peaks of these
materials match the standard pattern of the tetragonal-
structured BiOBr (JCPDS No. 09-0393), demonstrating forma-
tion of BiOBr in the composite.'® Diffraction peaks at 25.2°,
32.2°, 46.3°, 57.1°, 67.5°, and 76.7° were ascribed to the (101),
(110), (200), (212), (220) and (311) planes, respectively.*
However, the intensity of those peaks in PVP-BiOBr and PVP-
BiOBr@rGO was weaker than those of pure BiOBr. Crystallite
sizes were calculated by applying the Debye-Scherrer equation
for distinct peaks (26 = 25.2°, 46.3°, and 57.1°). The average
crystallite sizes of BiOBr, PVP-BiOBr and PVP-BiOBr@rGO were
12.4, 8.72 and 8.68 nm, respectively. With PVP addition, PVP
was coordinated on the surface of BiOBr and reduced the
crystallite size.” The standard pattern of rGO, according to
JCPDS No. 75-2078, exhibits a prominent peak at 26° corre-
sponding to the (002) plane.** However in this work, rGO
contributes insignificantly to the crystallinity of the composite.
A diffraction peak of rGO was not observed, perhaps due to its
relatively low content in the composite or increasingly disor-
dered stacking of rGO, rendering them undetectable by XRD.**

FTIR spectroscopy was conducted to examine the functional
groups in the synthesized composites. As shown in Fig. 2b, the
FTIR spectrum of pure PVP displays a distinctive C=O
stretching band at 1653.0 cm ™, associated with the pyrrolidone
group.'® Additional characteristic bands of PVP include C-N
stretching at 1292.3 cm ' and -CH, absorption at
1425.6 cm™ 3> In contrast, the spectrum of bare BiOBr shows
a prominent band at 499.5 cm ™, attributed to the symmetric
stretching vibration of the Bi-O bond.** Upon incorporating
PVP into BiOBr, the C=O stretching band shifts from
1653.0 cm™ ' to 1647.2 cm ' in the composite, confirming
successful inclusion of PVP. This slight red shift indicates
a physical adsorption mechanism rather than covalent
bonding.*#*

Raman spectroscopy was performed to verify the presence of
rGO in the PVP-BiOBr@rGO composite. In Fig. S1, rGO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) XRD patterns of BiOBr, PVP-BiOBr, PVP-BiOBr@rGO, rGO and standard BiOBr (JCPDS No. 09-0393), and (b) FTIR spectra of pure PVP,

BiOBr and PVP-BiOBr@rGO.

displays two main peaks at about 1346 and 1583 cm™ ", which
correspond to disordered sp> carbon (D-band) and well-ordered
graphite (G-band), respectively.>® These two typical peaks were
also observed in the Raman spectrum of the PVP-BiOBr@rGO,
demonstrating successful integration of rGO into the ternary
composite structure. Additionally, the D to G intensity ratio for
the composite is greater than 1, suggesting primarily a reduced
form of graphene oxide.”

The morphology of BiOBr, PVP-BiOBr and PVP-BiOBr@rGO
composites were characterized using SEM. In Fig. 3a and b,
BiOBr and PVP-BiOBr illustrate similar spherical microstruc-
tures formed by numerous self-assembled petal-like nano-
sheets. The size of the PVP-BiOBr was ~1 pum, which was smaller
than that of bare BiOBr, ~2 um. The particle size evaluated from

el
1.00um

SEM micrographs is consistent with the crystallite size calcu-
lated from XRD. Remarkably, PVP-BiOBr is comprised of more
microporous features than the bare BiOBr. A SEM image of PVP-
BiOBr@rGO is shown in Fig. 3c. Petal-like PVP-BiOBr micro-
spheres are observed, with the presence of rGO nanoplates.
PVP-BiOBr and rGO are closely attached, which confirms that
a hybrid composite with interfacial conjunction was success-
fully prepared. This could assist charge transfer during photo-
reactions.>* EDX analysis of the ternary composite indicated the
presence of Bi, Br, O and C atoms in the composite (Fig. 3d). The
Bi to Br atomic ratio in both pure BiOBr and the PVP-
BiOBr@rGO composite is close to 1:1, consistent with its ex-
pected stoichiometry. In pure BiOBr, the oxygen content also
reflects its 1:1:1 Bi: O: Br composition (Fig. S21). In contrast,

(b) PVP-BIiOBr

SU8000 10.0kV 9:2mm x50.0k SE(U)

iOBr@rGO
A% N

/

PV/P-BiOBr
G

SU8000 .10 0kV 9.2mmix50.0k SE|

C (d) Element Weight%  Atomic %
—_ Bi 27.63 2.66
=] o} 20.92 26.26
8 Br 10.51 264
> ¢ 40.94 68.45
=
[72]

5 Br | Bi
r|Bi
£ |lo
Bi Br
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Energy (keV)

Fig. 3 SEM imagery of (a) bare BiOBr, (b) PVP-BIiOBr, (c) PVP-BiOBr@rGO composites, and (d) EDX spectrum of PVP-BiOBr@rGO.
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Table 1 Surface area, pore volume, and average pore diameter of
various catalysts

Surface area Pore volume Average pore

Catalyst (m>g™ (em®*g™) diameter (nm)
BiOBr 12.46 0.047 11.62
PVP-BiOBr 25.64 0.085 9.80
PVP-BiOBr@rGO 47.59 0.085 7.58

the composite shows much higher C and O levels due to the
added PVP and rGO."

Nitrogen adsorption-desorption isotherms were investi-
gated at 77.3 K to determine the surface area and pore charac-
teristics of the prepared catalysts. According to the IUPAC
classification, the BiOBr-PVP@rGO catalyst exhibited a Type IV
isotherm with hysteresis (Fig. S31). Type IV isotherms are given
by mesoporous materials, and hysteresis occurs for pore sizes
greater than 4 nm.** The average pore diameter of PVP-
BiOBr@rGO was 7.58 nm in the current study. BET surface
area, BJH pore volume, and average pore diameter of three
catalysts are compared in Table 1. The surface area of BiOBr is
12.46 m”> g~ ', while PVP-BiOBr exhibits a higher value, 25.64 m”
g~'. The surface area becomes greater for PVP-BiOBr@rGO
(47.59 m”> g~') when incorporating rGO into the composite.
Our results agree with the literature, as PVP and rGO can
increase the surface area when incorporated into hybrid
composites.'*** Additionally, the PVP-BiOBr@rGO catalyst has
a high pore volume. Owing to the large surface area and pore
volume, this catalyst enables efficient adsorption with a great
number of active sites, benefiting photocatalysis.**

View Article Online
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Absorption edge and band gap energy are crucial factors for
photocatalysis. From the UV-vis diffuse reflectance spectroscopy
(DRS) spectra in Fig. 4a, the absorption edge of the prepared
catalysts has an approximately 400 nm wavelength, supporting
the possibility of visible-light-driven photoactivity. Among the
catalysts, PVP-BiOBr@rGO exhibited stronger absorption across
the visible range from 400-600 nm. This implies that the cata-
lyst can absorb more visible light photons, facilitating its pho-
toactivity to a greater degree. Tauc plots are presented in Fig. 4b
to gain insight into the band gap energy (E,) of each catalyst.
The BiOBr composite is an indirect transition semi-
conductor.'>* Therefore, indirect band gap energy was evalu-
ated from the plot. The E, values were 2.90, 3.00 and 2.94 eV for
BiOBr, PVP-BiOBr and PVP-BiOBr@rGO, respectively. Band gap
energy is influenced by the particle size of the catalyst, following
quantum confinement.?**”

Charge recombination refers to a phenomenon in which
photoexcited charges (electrons and holes) coalesce. This
results in light emission or photoluminescence (PL). A stronger
PL intensity yields a higher rate of recombination, limiting the
photocatalytic performance. As shown in Fig. 4c, with a 250 nm
excitation wavelength (2¢,), the PL spectra of the three different
catalysts give similar maximum emission peaks at a 468 nm
(Aem) wavelength. With incorporation of PVP and rGO into the
composites, the PL intensity of the PVP-BiOBr@rGO catalyst is
greatly diminished, inferring good charge transfer and thus
lowering recombination of electron-hole pairs.*® This reduced
PL intensity suggests that incorporation of PVP and rGO effec-
tively enhances charge separation within the PVP-BiOBr@rGO
catalyst, ultimately improving its photocatalytic performance.

2.0 4
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Fig. 4
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(a) UV-vis DRS spectra, (b) Tauc plots for indirect band gap energy calculation, and (c) PL spectra (at Ao, = 250 nm) of BiOBr, PVP-BiOBr
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BiOBr@rGO, PVP-BiOBr, and PVP-BiOBr@rGO photocatalysts, and (b)

first-order kinetic curves of OTC degradation over the different photocatalysts.

3.2. Optimal conditions for photocatalytic activity (batch
experiment)

3.2.1 Type of photocatalyst. The photocatalytic perfor-
mance of BiOBr, BiOBr@rGO, PVP-BiOBr, and PVP-BiOBr@rGO
was evaluated based on photodegradation of OTC under visible
light irradiation. Each catalyst was tested under the same
conditions. For comparison, a blank test (photolysis of OTC)
was done. OTC is negligibly decomposed in the presence of no
photocatalyst. The absorption properties of the catalysts were
explored under dark conditions. In Fig. 5a, all catalysts attained
adsorption-desorption equilibrium within 60 min. PVP-
BiOBr@rGO demonstrated a greater adsorption capability,
due to its larger surface area and pore volume (Table 1). After
achieving adsorption-desorption equilibrium, the photo-
catalytic activities were monitored under light illumination.
Photodegradation of OTC by PVP-BiOBr@rGO approached
92.5% in 120 min, which is greater than that of BiOBr (76.1%),
BiOBr@rGO (81.7%), and PVP-BiOBr (86.2%) (Fig. 5a). The
photocatalytic performance of PVP-BiOBr@rGO also surpasses
that of BiOBr@rGO, substantiating the important role of PVP in
the composite. Integration of rGO into PVP-BiOBr promoted
photogenerated electron transfer and thus prolong charge
carrier separation.’?*?* Consequently, the photocatalytic
performance of PVP-BiOBr@rGO was drastically improved.

To better understand the reaction kinetics of the OTC
degradation catalyzed by the as-prepared photocatalysts, the

(a) H+— dark t light on {
[
10 —— PVP-BiOBr : rGO (1 mg)
\ —— PVP-BiOBr : rGO (5 mg)
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e\ PVP-BiOBr : rGO (50 mg)
2 0.6
o
(8]
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0.2
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Fig. 6
photocatalytic degradation of OTC.
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experimental data were fitted using a first-order model accord-

ing to eqn (2):>*®
—In <%) =kt

where k represents the first-order rate constant of OTC photo-
catalytic degradation and ¢ is the irradiation time. As can be
seen in Fig. 5b, PVP-BiOBr@rGO offered the maximum degra-
dation rate constant (0.0265 min~'), whereas the rate constants
obtained from BiOBr, BiOBr@rGO, and PVP-BiOBr were
0.0124 min~*, 0.0139 and 0.0206 min ", respectively.

3.2.2 Effect of PVP-BiOBr: rGO content. Different mass
ratios of PVP-BiOBr and rGO in the composite may affect the
photocatalytic activities of PVP-BiOBr@rGO, therefore the
impact of this parameter was studied. Composites with mass
ratios of PVP-BiOBr (100 mg): rGO (1, 5, 20 and 50 mg) were
synthesized, and their photocatalytic performance was
compared (Fig. 6a). After 120 min of light illumination, the
degradation percentages of OTC were enhanced to about 85.8,
86.8 and 91.9% for composites containing 1, 5 and 20 mg RGO,
respectively. However, a higher rGO content (50 mg) gave poorer
degradation efficiency, 85.4%. This is presumably due to
excessive 1GO impeding light from reaching the PVP-BiOBr,
thereby decreasing its degradation activity. A similar phenom-
enon was observed for other photocatalysts containing rGO.>**
Based on these results, a suitable content of PVP-BiOBr (100

(2)

(b) 100

80 »
60 <

40 ° 3

% Degradation

20

0

(a) Effect of mass ratio of PVP-BiOBr (100 mg) and rGO (i.e., 1, 5, 20 and 100 mg) in a PVP-BiOBr@arGO composite, and (b) effect of pH on
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mg) : rGO (20 mg), was chosen as a photocatalyst for degrading
OTC.

3.2.3 Effect of pH. pH can influence both the chemical
structure of organic pollutants and the surface charge of photo-
catalysts,®® so the effect of pH on OTC degradation by PVP-
BiOBr@rGO was investigated. OTC solutions with pH values
ranging from 4 to 9 were prepared by adjustment with 0.1 M HC1
or NaOH, as appropriate. As shown in Fig. 6b, the optimal
degradation of OTC by a PVP-BiOBr@rGO composite occurred in
the pH range of 6 to 7. OTC has three pK, values, 3.22, 7.68, and
8.94.* In this pH range, the dominant OTC species is a zwit-
terion.** The point of zero charge (pHp,), which refers to the pH
at which the net charge on the particle surface is zero, was also
studied. The pHp, of PVP-BiOBr@rGO was 6.2 (Fig. S5%),
consistent with an earlier study.*> At pH 6-7, the catalyst surface
charge is nearly neutral, making it favorable for the adsorption of
zwitterionic OTC molecules. Therefore, in this study, the pH of
the wastewater sample was adjusted to 6-7 before treatment.
These results highlight the importance of optimizing the pH
conditions for photocatalytic reactions, where pH control could
be a key factor in maximizing photocatalytic efficiency.

3.3. Photodegradation mechanism

To identify the main reactive species involved in OTC removal,
radical trapping experiments were conducted.**** Isopropanol
(IPA), 1,4-benzoquinone (BQ), and ethylenediaminetetraacetic
acid (EDTA) were used as scavengers for hydroxyl radicals (OH®),
superoxide anion radicals (O,°"), and photogenerated holes
(h"), respectively. These scavengers were individually added to
the OTC solution prior to the introduction of the PVP-
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~m- EDTA:
10 . IPA
08 - i S BQ
(Jo -, - a
0.4 . ———
\.\\ \.
0 2 \.\.
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Fig. 7
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BiOBr@rGO photocatalyst. Experimental details are provided
in the ESL¥

The effects of different scavengers on OTC degradation are
shown in Fig. 7a. Notably, the photocatalytic efficiency dropped
significantly to approximately 20% upon the addition of BQ
(Fig. 7b), highlighting the dominant role of superoxide anion
radicals in the degradation process. Hydroxyl radicals and pho-
togenerated holes were found to play subordinate roles. As
illustrated in Fig. 7c, the rate constant (k) in the presence of BQ
was 0.0016 min~", compared to 0.0073 min~" with no scavenger.
This ~4.6-fold reduction in the degradation rate further confirms
the substantial role of O,°" in the OTC degradation mechanism.

Furthermore, a terephthalic acid (TA) probe experiment was
conducted to show that there are hydroxyl radicals generated by
PVP-BiOBr@rGO during the photocatalytic process. In prin-
ciple, TA reacts with hydroxyl radical to form a fluorescent
product, 2-hydroxyterephthalic acid (HTA) (mechanism in
Fig. S47). After dispersing PVP-BiOBr@rGO into the TA solution,
the suspension was then exposed to light. At a 315 nm excitation
wavelength, the PL intensity of the HTA product was then
monitored (Fig. 7d). The PL intensity increased over time,
verifying gradual photogeneration of hydroxyl radicals.** These
results confirm that the PVP-BiOBr@rGO catalyst effectively
generates reactive radicals under light exposure, supporting its
potential for enhanced photocatalytic activity.

3.4. Flow-circulation system for degradation of OTC in
wastewater

In this study, a flow-circulation system was designed to
demonstrate the photocatalytic performance of a PVP-
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(a) Decrease in C/Cq during photodegradation, (b) photodegradation efficiencies, (c) the rate constants (k) for OTC degradation in the

presence of various scavengers, and (d) hydroxyl radical trapping PL spectral changes at different times over PVP-BiOBr@rGO in a terephthalic

acid solution (Aex = 315 nm).
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Fig. 8 (a) Photodegradation of OTC under a flow-circulation system (conditions: flowrate 1.0 mL min~?, 10 mg of PVP-BiOBr@rGO in the
catalyst column, 40 mL of 10 mg L=t OTC, solution pH = 6), (b) a schematic illustration of the photocatalytic process of PVP-BiOBr@rGO for OTC
degradation, and (c) PVP-BiOBr@rGO column performance over three cycles.

BiOBr@rGO composite for real-world degradation of oxytetra-
cycline (OTC) in fish farm wastewater. The flow system was set
up as presented in Fig. 1. Before irradiation, the wastewater
sample flowed through the system in the dark for 60 min before
illumination. The OTC concentration in the sample was moni-
tored in-line every 5 min using a spectrophotometer. OTC
photodegradation using the flow-circulation system employing
a PVP-BiOBr@rGO composite is depicted in Fig. 8a. Photo-
degradation efficiency reached 90.3% within 180 min. The flow
system has shown several advantages for photocatalytic/
adsorptive applications.?”?® These include (i) the photocatalyst
was packed inside a column and did not contaminate the water
sample, (ii) the flow system runs in an automated and contin-
uous mode which provides for convenient operation, and (iii)
this system establishes simultaneous degradation and detec-
tion, which is important for real-world water treatment. An
overview of the photodegradation mechanism of OTC by the
PVP-BiOBr@rGO photocatalyst is illustrated in Fig. 8b. With
light radiation, electrons are excited from the valence bands
(VB) to the conduction bands (CB) of the PVP-BiOBr. Subse-
quently, the electrons in the conduction band are transferred to
rGO, which separates the electrons from holes in the valence
bands. The photogenerated electrons and holes can produce
reactive radical species that effectively decompose OTC
contaminants in water samples.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The reusability of the PVP-BiOBr@rGO catalyst column was
tested. After the first use, the column was regenerated by
flushing it with water before a subsequent cycle. The OTC
degradation at the first cycle was 90.3% which decreased to
83.0% and 63.4% after the second and third cycles, respectively
(Fig. 8c). Accordingly, it is recommended the catalyst column
can be used for two cycles, with an efficiency of up to 80%. The
decline in photocatalytic efficiency observed in the reused
column was investigated by examining the structure and
morphology of the PVP-BiOBr@rGO catalyst before and after
use. XRD patterns of both fresh and used samples showed no
significant differences, and SEM images confirmed that the
overall morphology remained largely unchanged (Fig. S67).
These results indicate good structural and morphological
stability of the PVP-BiOBr@rGO catalyst. However, during the
recycling process, some catalyst particles were found to accu-
mulate and obstruct the membrane at the column outlet. This
blockage likely limited the exposure of active sites and hindered
light penetration into the aggregated catalyst, thereby contrib-
uting to the reduced photocatalytic performance in the reused
column.*

The photocatalytic performance of various photocatalysts for
the degradation of OTC has been widely studied. A summary of
the photocatalytic efficiency of our PVP-BiOBr@rGO composite,
alongside previously reported results, is presented in Table 2.

RSC Adv, 2025, 15, 1772017729 | 17727
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Table 2 Comparison of OTC degradation using different photocatalysts

Catalyst Studied system Light source OTC conc. Catalyst dosage % degradation Time (min) Ref.

Zno Batch UV-A 10 mg L™* 1gL™? 42.1 25 7

2-C3Ny Batch Visible 10mgL* 50 mg 33.9 50 8
ZnO/NiO Batch Visible 40 mg L 200 mg 79.0 120 9
CuO/Bi,WOg Batch Visible 50 mg L* 0.8gL" 86.3 180 10
BiOBr/rGO Batch Visible 5mg L 50 mg 73.0 120 47
KB/BMO-GO Batch Visible 50 mg L~* 20 mg 93.3 90 11
AgI/BiOBr/RGO Batch Visible 20 mg L™ 50 mg 94.2 80 20
g-C3N,/BiOCl/CdS Batch Visible 10mgL™" 50 mg 87.0 240 33
PVP-BiOBr@rGO Flow Visible 10mgL™! 10 mg 90.3 180 This work

¢ As a tetracycline (TC) concentration.

Single-component catalysts typically exhibit limited activity
for OTC removal, achieving efficiencies of only 33.9% to
42.1%.7* In contrast, binary composites show enhanced
performance, with efficiencies ranging from 79% to 86%.%'>*
Notably, ternary composites demonstrate even greater photo-
catalytic activity, with reported efficiencies reaching 87% to
94.2%."%*** These findings underscore the superior advantages
of ternary heterostructures, which hold strong potential for
efficient OTC degradation.

4. Conclusions

This work successfully developed a new photocatalytic flow-
circulation system using PVP-BiOBr for OTC removal from
wastewater. By combining PVP-BiOBr with rGO, the composite
exhibited efficient photocatalytic performance toward OTC
degradation. PVP could regulate the structure and morphology
of BiOBr, achieving a porous flower-like assembly with a high
active surface area. rGO afforded charge carrier transfer and
separation, and its adsorption capability also provided a syner-
gistic effect on OTC removal. These factors are key to maxi-
mizing the photocatalytic activity of this material. A notable
aspect of this work is the system's dual functionality, featuring
simultaneous OTC detection and degradation in a continuous
flow. During circulation, automated degradation and real-time
monitoring are accomplished. This system is scalable and
applicable to real-world water treatment. Furthermore, in the
current work, the developed flow system demonstrated OTC
elimination from fish farm wastewater. Our results confirmed
that the system performance yielded = 90% OTC degradation,
and the photocatalyst column could be used two times. This
photocatalytic flow-circulation system holds promise for water
purification, especially in agricultural and aquaculture waste-
water treatment where antibiotic contamination is a concern.
The system provides a sustainable solution for industrial
wastewater management.
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