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1. Introduction

Quasi-1D/3D Bi,O4/phase-tuned CzN; type-lIl
heterostructure for the visible-light-driven
photocatalytic degradation of resorcinol in
wastewater: insights into the inhibitory effects of
matrix interferences and phytotoxicity assessment

@ Balbir,® Suneel Kumar Srivastava,i®
*a

Adarsh Singh,
Amit Bhatnagar® and Ashok Kumar Gupta

Over the years, resorcinol (RCL) has been used to manufacture various pharmaceuticals and personal care
products (PPCPs). Its extensive use in treating skin infections has made it ubiquitous in environmental
matrices, raising a global threat owing to its endocrine-disrupting nature. In this regard, a novel quasi-1D/
3D BiyO4/PT-C3Ns photocatalyst (referred to as BCN hereafter) was synthesized employing a facile
hydrothermal technique for the photocatalytic degradation of RCL. Benefiting from the enhanced visible
light responsiveness and impeded charge carrier recombination, the as-fabricated BCN-10 (comprising
10% PT-C3Ns) exhibited 94.3% RCL degradation after 180 min under optimal conditions. The BCN-10
photocatalyst was found to be chemically stable and demonstrated reusability up to 5 cycles with a
minimal reduction in degradation efficiency. Thereafter, the impact of other emerging contaminants (ECs)
and actual water matrices was analyzed to determine the practical applicability of the photocatalytic
system. The charge transfer mechanism in BCN-10 was confirmed to follow a type-Il pathway, where O,™
and h* were established as the key reactive species promoting RCL degradation. Furthermore, the seed
germination assay performed for treated and untreated RCL solutions showcased a germination index (Gl)
of 82% indicating the treated RCL solution to be non-phytotoxic. This study helps in understanding the
creation of heterojunction photocatalysts by using an emerging non-trivalent variant of bismuth oxide and
N-rich phase-tuned graphitic carbon nitride for wastewater treatment.

enabling them to bypass conventional WWTPs and persist in
receiving waters.® The primary concern regarding the

Pharmaceuticals and personal care products (PPCPs) are
classified as emerging contaminants (ECs), owing to their
ability to pose ecological risks, even at low concentrations,
adversely affecting both aquatic biota and human health."?
The primary sources of PPCPs in aquatic ecosystems consist
of domestic sewage, wastewater treatment plants (WWTPs),
agricultural runoff, urban landfills, hospitals, and the
pharmaceutical industry.>> PPCPs exhibit resistance to
biodegradation owing to their stable chemical structures,
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presence of PPCPs in aquatic biota is their potential to
disrupt the endocrine system and hamper homeostasis.”
Resorcinol (RCL), also known as 1,3-benzenediol, is a
commonly used ingredient in a group of products, such as
flame retardants, food additives, and dermal medications.®™*°
In particular, it is used in the formulation of PPCPs applied
topically to treat skin conditions such as acne, psoriasis,
seborrheic dermatitis, and others.’® However, there is limited
know-how about the environmental persistence of RCL and
its possible toxicological effects on non-targeted species
compared to other PPCPs. Reportedly, RCL affects the thyroid
by inhibiting thyroid peroxidase enzymes, thereby disrupting
the synthesis of thyroid hormones."" Further, the presence of
RCL in drinking water is goitrogenic, as evident from in vivo
assay in rats."> In view of its widespread applications and
potential toxicological effects, the removal of RCL from
environmental matrices becomes mandatory. To address this
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issue, advanced oxidation processes (AOPs) have garnered
attention as an effective alternative to conventional WWTPs,
which are incompetent to adequately remove PPCPs."

As a promising solution, semiconductor-based
photocatalysis has gained prominence for the degradation of
organic pollutants from aqueous matrices."*'® Several metal
oxides, comprising ZnO, TiO,, CuO, WO;, and others, have
been commonly used for environmental remediation."”"®
Among these, Bi,O; has been widely investigated as a

photocatalyst owing to its distinct physicochemical
properties, such as refractive index, visible light
responsiveness, dielectric permittivity, and stability."

Recently, the focus has been shifted to another oxide of
bismuth, Bi,O,, due to its lower band gap (~2.0 eV)
compared to Bi,O; (~2.8 eV), enabling enhanced visible-light
absorption and making it a promising candidate for visible-
light-driven photocatalysis.>**' Monoclinic Bi,O4, an n-type
semiconductor, is a non-trivalent variant of Bi,O;,
comprising mixed valence states of Bi(m) and Bi(v).”> The
ability to synthesize Bi,O, from a single precursor (NaBiO;),>’
without the use of toxic solvents, makes its synthetic route
environmentally friendly. However, pristine Bi,O,, like many
single-component photocatalysts, suffers from rapid
recombination of photoinduced electron (¢7) and hole (h")
pairs and photo-corrosion over longer use.*>* Hence, it
becomes necessary to overcome these drawbacks in order to
harness the superior photocatalytic potential of Bi,O,. In this
regard, several techniques, such as morphology
optimization,”® defect engineering,”® heteroatom doping,*’
and heterojunction construction,”® could be utilized to refine
the photocatalytic performance of the semiconducting
material. Among these, heterojunction creation is an effective
way to improve the separation of photogenerated e /h” pairs
in Bi,O4, leading to increased photocatalytic efficiency.>*2*3*
Accordingly, several Bi,O,-based heterojunctions have been
reported so far, including Bi,0;/Bi,0,,>' ZnMoO,/Bi,0,,**
Bi,0,4/Fe;0,4,>* and g-C3N,4/Bi,0,.%*

In the last few years, graphitic carbon nitride (g-C;N,) has
played a significant role as a metal-free polymeric
photocatalyst, owing to its thermal/chemical stability, surface
tunability, conductivity, and non-toxicity.>> Despite these
inherent characteristics, g-C3N, suffers from common
limitations like other photocatalysts, including a narrow
visible light absorption range, limited active sites for
adsorption and catalysis, and accelerated recombination of
photoinduced charge carriers.*>** The preparation of g-C3N,
using established precursors, including urea,® thiourea,*®
and melamine,*® often causes incomplete polymerization.
This leaves non-condensed surface amino moieties that
obstruct the migration of charge carriers.’”*® In addition,
high calcination temperatures induce thermal shocks,
causing irregular arrangement of homo-triazine units in g-
C;3N,, which accounts for poor photocatalytic activity.*
Recent reports show that adding N-rich moieties to the g-
C;N, matrix could decrease the bandgap notably, ascribed to
a more extended conjugated framework and the interaction
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of N atom lone pairs with the heptazine n system.*’ In this
regard, C;Ns, with its lower C/N ratio and reduced bandgap
(Eg ~ 1.8 eV), has emerged as a viable successor to g-C3N, (Eg
~ 2.8 eV).*** It is well established that C;N; exhibits
superior opto-electronic characteristics, augmented active
sites, and enhanced m-m conjugation in comparison to g-
C;N,, attributed to the sp®hybridized N in the triazole
moiety.*" Further, the triazine-based carbon nitrides exhibit
comparatively inferior photocatalytic efficacy to their
heptazine-based counterpart with an elaborate conjugated
framework.*” The n-electron system formed by the heptazine
moieties enhances light harvesting, mobility of charge
carriers, and stability.*® Following the aforementioned
advantage, Ng et al. recently fabricated a phase-tuned C;Ns
(PT-C3N5) photocatalyst, comprising both triazine and
heptazine phases, using a molten salt-assisted synthesis
approach. The material showcased remarkable photocatalytic
potential for H,0, production.43 This implied that PT-C3Nj;
can synergistically improve the stability and charge dynamics
attributed to the individual properties of the constituting
phases. Therefore, it is anticipated that the intrinsic
properties of both Bi,O, and PT-C;N5 could pave the way for
the  unprecedented creation of a  photocatalytic
heterostructure with an augmented treatment efficacy for
water and wastewater.

Motivated by this rationale, we synthesized a series of
novel quasi-1D/3D Bi,O,4/PT-C3N5 type-II heterojunction
photocatalysts (referred to as BCN hereafter) by varying the
weight proportions of PT-C3;N5 using the hydrothermal
method (Fig. 1). The photocatalytic activity of the as-
synthesized photocatalysts was assessed under 50 W LED
light using RCL as a model PPCP in water matrices. The
physicochemical characteristics of the photocatalysts were
analyzed employing various characterization techniques. The
degradation efficiency was investigated in relation to a
number of operational factors, such as catalyst dose, initial
RCL concentration, solution pH, co-existing ions, and natural
organic matter (NOM). Furthermore, the impacts of various
ECs and real water matrices on RCL degradation were
evaluated. Ultimately, radical capturing experiments were
performed to ascertain the primary species
responsible for RCL degradation, and a plausible degradation
mechanism was proposed. Lastly, the in silico toxicity of the
transformation products (TPs) and the phytotoxicity of the
photocatalytically degraded sample were tested.

reactive

2. Experimental details
2.1. Chemicals and reagents

The chemicals and reagents used in the present study are
detailed in Table S1.

2.2. Synthesis of photocatalysts

2.2.1. Template-free synthesis of N-rich PT-C;N5. A
template-free synthesis of N-rich PT-C3N; was carried out by
the thermal polymerization method, as previously reported,
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Fig. 1 Schematic diagram for the preparation of the Bi,O4/PT-C3Ns (BCN) composite.

with minor modifications.*® In a typical synthesis procedure,
5 g of 3-amino-1,2,4-triazole was placed in a ceramic crucible
and calcined for 3 h at 500 °C in a muffle furnace with a
heating ramp rate set at 3 °C min™", and allowed to naturally
cool to room temperature. The brownish orange end product
(PT-C3Ns) so obtained was carefully ground using an agate
mortar and pestle.

2.2.2. Synthesis of the Bi,O0,/PT-C;N5 heterojunction
photocatalyst. Initially, uniform dispersion of PT-C;Ns5 was
obtained by suspending it in 70 mL of DI water and
subjecting the contents to ultrasonication for 30 min.
Subsequently, 0.56 g of NaBiO; powder was added to the
solution, which was then stirred for 1 h. The so formed
yellow solution was then poured to a 100 mL Teflon-lined
autoclave reactor and kept in a hot air oven with the
temperature set at 160 °C for 8 h. After the reaction period
was complete, the bright orange precipitate was filtered out,
alternatively cleaned with DI water and ethanol, and
subsequently dried overnight at 60 °C. The obtained product
was finely ground and labeled as BCN-5, BCN-10, and BCN-
20, according to the weight percentages of PT-C;Ns5 at 5%,
10%, and 20% with respect to NaBiO;. Furthermore, pristine
Bi,0, was also prepared without the addition of PT-C;N; in a
similar manner.>*

2.3. Analytical techniques and instrumentation

Advanced characterization techniques were employed to
examine the physicochemical characteristics of the pristine
and composite materials, as numbered in Table S2.
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2.4. Assessment of photocatalytic degradation efficiency

A batch-mode photocatalytic reactor was used for assessing
the photocatalytic degradation of RCL in a water matrix, as
detailed and illustrated in our previous work.** It consisted
of a box with an inner black surface, enclosing a magnetic
stirrer, above which a beaker was placed to hold the
reaction mixture. A 50 W LED spotlight (4 > 420 nm) was
fitted at a 10 cm height above the water surface. In a
typical experimental protocol, 50 mg of the as-prepared
pristine and composite photocatalyst was added to a 50 mL
aqueous solution comprising RCL at a concentration of 5
mg L. To ensure adsorption-desorption equilibrium
between the photocatalyst and the targeted pollutant, the
reaction mixture was constantly agitated at 300 rpm for 30
min in the dark before the photocatalytic degradation test.
After pre-defined intervals, 3 mL of the suspension was
drawn from the reaction mixture, and the photocatalyst
slurry was separated using a polyvinylidene difluoride
(PVDF) syringe filter (0.2 pm) for analysis. The RCL
concentration of the resulting samples was then measured
using a Cary 60 UV-vis spectrophotometer at a wavelength
of ~272 nm. The extent of RCL degradation was calculated
considering the combined effects of adsorption and
photocatalysis on RCL degradation in the solution. This
synergy significantly enhances the breakdown of organic
pollutants. The degradation efficiency () was obtained as
follows (eqn (1)):

1 (%) = [1 = (C/C)] x 100 (1)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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where C, and C; correspond to the initial concentration of
RCL and concentration of RCL at time ‘¢” after exposure to 50
W LED light.

2.5. In silico toxicity estimation of the transformation
products (TPs)

The ecotoxicity potential of the TPs formed by the
photocatalytic breakdown of RCL was assessed using the
toxicity estimation software tool (TEST).

2.6. Phytotoxicity assessment of the treated effluent

Vigna radiata seeds were used to assess the phytotoxicity of
the photocatalytically degraded RCL solution following the
steps outlined in Section S1.

View Article Online
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3. Results and discussion
3.1. Characterization of the photocatalyst

3.1.1. Crystal phases and molecular vibrations. The crystal
phases of the as-synthesized PT-C;Ns, Bi,O,, and BCN-10
photocatalysts were examined using the X-ray diffraction
technique. The diffractogram of PT-C;Ns, as displayed in
Fig. 2a, indicated the presence of both triazine and heptazine
phases. The XRD peak observed at 26 ~ 12.5° corresponds to
the periodic repetition of tri-s triazine (heptazine (CgN-))
units in the (100) crystal plane.*>*® In addition, the
appearance of the peak at 26 ~ 27.0° could be ascribed to the
(002) inter-layer stacking arrangement of n-n motifs of the
heptazine rings.*®*” The concurrent existence of the triazine
phase in PT-C3N5 is confirmed by the diffraction peaks
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Fig. 2 (a) XRD spectra, (b) FT-IR spectra, and (c) micro-Raman spectra of Bi,O4, PT-C3Ns, and BCN-10. (d and e) AFM images, (f) roughness distribution,
and (g) height parameters of BCN-10. (h) N, adsorption-desorption isotherms and (i) pore size distribution of Bi,O4, PT-C3Ns, and BCN-10.

© 2026 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Interfaces, 2026, 3, 510-526 | 513


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lf00338e

Open Access Article. Published on 30 January 2026. Downloaded on 3/17/2026 5:06:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

observed at 26 ~ 13.6° and 21.8°, which correspond to the
(001) and (010) crystal planes, respectively, characteristic of
the triazine-based carbon nitride. The presence of a subdued
peak at 260 ~ 25.1° in the diffractogram is found to be
consistent with the pseudo-stacking pattern of nascent
carbon nitride domains (such as oligomers).*®> The major
XRD peaks of PT-C3N5 are consistent with graphitic carbon
nitride and were indexed to JCPDS no. 87-1526 (Fig. Sla). In
the context of Bi,O,4, the major XRD peaks appearing at 26 ~
26.9°, 29.5°, 30.4°, 32.5°, 35.1°, 47.0°, and 48.5° arise from
the (111), (311), (400), (-202), (020), (420) and (-222) facets,
respectively, which are in agreement with the monoclinic
phase of Bi,O, (m-Bi,O,) (JCPDS no. 83-0410, Fig. $1b).** The
other subdued peaks observed in the spectra were also in
agreement with those of m-Bi,04.*° The XRD pattern of BCN-
10 displayed peaks originating from both PT-C;N5 and Bi,O,
concurrently, suggesting the successful synthesis of the
composite.

Fourier-transform infrared (FT-IR) spectroscopy was
employed to examine the presence of functional groups and
molecular moieties in the as-prepared PT-C;Ns, Bi,O,, and
BCN-10 materials (Fig. 2b). In the FT-IR spectrum of PT-C;Ns,
a distinctive absorption peak at 793 cm™" corresponds to the
bending vibrations of the triazine rings, while the peak at
1401 cm™' is attributed to the C-N stretching vibrations of
the heptazine rings.>® The appearance of a peak at 1456 cm ™"
could be related to the C-H bond deformations.”® In
addition, the absorption peaks at 1603 cm ', 1328 cm ™', and
1239 cm™" could be related to the stretching vibrations of the
C=N, C-N, and C-NH-C groups, respectively.”>>* The broad
peak centered at 3081 cm ' can be associated with the
stretching vibrations of the N-H bonds.”> The FT-IR
spectrum of Bi,O, showed an intense absorption peak at 540
em™', which aligns with the Bi-O bond vibration in distorted
BiOg units.’® In the context of BCN-10, a subdued peak at
1401 em ™ from PT-C;Ns, alongside the peak of Bi,O, at 540
em™', confirmed the successful synthesis of the composite.

The micro-Raman spectra of PT-C;Ns, Bi,O,, and BCN-10
were also recorded, and the findings are displayed in Fig. 2c.
As evident from the micro-Raman spectrum of PT-C3;Nj, the
two broad peaks concentrated at 1566 cm ' and 1372 cm™*
can be linked to the G and D bands of graphitic carbon
nitride, respectively.”” In the case of Bi,O,4, the vibrations
involving the translational movements of Bi’*" ions are
responsible for the strong band at 145 cm™.*® The
absorption band at ~359 cm™, due to its prominence, can be
associated with the Bi-O-Bi vibrational mode.”® The other
two absorption bands at 234 cm™ and 655 cm ™ could be
assigned to Bi-O rocking vibrations.®”®* The Raman peaks in
BCN-10 remain more or less unaltered vis-a-vis Bi,O, due to
the weaker Raman signals of PT-C;N5 and its lower amount
in the composite.

3.1.2. Topographical features and textural properties. The
surface architectural profile of the BCN-10 composite has
been studied using atomic force microscopy (AFM). The
corresponding AFM images of BCN-10 displayed in

514 | RSC Appl. Interfaces, 2026, 3, 510-526
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Fig. 2d and e demonstrated a rough surface characterized by
surface irregularities distributed throughout the sample.
The AFM height profile and associated parameters, as
depicted in Fig. 2f and g, showed that the height of the
BCN-10 particles varied in the range of ~6 nm and ~26
nm, with root mean square height (Sq) and arithmetic
mean height (Sa) as 1.92 nm and 1.36 nm, respectively.
The BCN-10 surface features more protrusions than
depressions, as confirmed by a positive surface skewness
(Ssk) of 1.26. In addition, a surface kurtosis (Sku) of 10.8
indicated the peakedness of the BCN-10 surface. This will
most likely affect the surface wettability of BCN-10 and
contribute towards its enhanced photocatalytic activity.

Furthermore, the specific surface area (SSA) and pore size
distribution of the as-prepared photocatalysts have been
determined using the N, adsorption-desorption analysis, and
the corresponding findings are shown in Fig. 2h and i. Based
on this, the BET surface areas of Bi,O,, PT-C;N5, and BCN-10
were found to be 2.865, 1.034, and 1.469 m” g", respectively.
As presented in Fig. 2h, the aforementioned materials
demonstrate a typical type IV isotherm with an H3 hysteresis
loop, displaying the presence of mesoporosity. In addition,
the pore size distribution of Bi,O,, PT-C3Ns5, and BCN-10 is
depicted in Fig. 2i and described in Table S3. The SSA of the
BCN-10 composite was found to be lower than that of
pristine Bi,O,, suggesting that SSA is not the only factor
influencing the photocatalytic efficacy of the material.®®

3.1.3. Morphology and elemental composition. The
morphology of the as-prepared materials was studied
through field emission gun scanning electron microscopy
(FEG-SEM) and high-resolution transmission electron
microscopy (HR-TEM), and corresponding findings are
displayed in Fig. 3 and 4. It is observed that the pristine
Bi,O, exhibits a quasi-1D rod-like structure (Fig. 3a),
characterized by a smooth surface and extending up to 0.5-
2.8 um (Fig. S2a). Fig. 3b presents a 3D blocky structure of
PT-C;Ns, formed through a stacked sheet-like arrangement,
with sizes ranging from about 5 to 35 um (Fig. S2b). The
FEG-SEM image of BCN-10 revealed a distinct structure,
where observable Bi,O, micro-rods were fully wrapped
around PT-C3N5; blocks (Fig. 3c). In addition, energy
dispersive spectroscopy (EDS) investigation of BCN-10, as
depicted in Fig. 3d, and related elemental mapping
(Fig. 3e) established the co-occurrence of Bi, O, C, and N
in BCN-10.

To further affirm the creation of quasi-1D/3D
heterogeneous structure between Bi,O, and PT-C;Ns, the
TEM images of the BCN-10 composite were recorded, and are
presented in Fig. 4a and b. The Bi,O, quasi-rods were
observed to be more or less uniformly dispersed on the
surface of PT-C3N5 blocks. Moreover, the presence of a two-
directional interwoven lattice in Fig. 4c indicates strong
interaction between the constituting materials in BCN-10.
The fast Fourier transformation (FFT) analysis untangled the
lattices pertaining to Bi,O, and PT-C3N;s (Fig. 4d and e). The
measured d-spacing of 0.332 nm and 0.351 nm could be

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FEG-SEM images of (a) Bi»O4, (b) PT-C3Ns, and (c) BCN-10. (d) EDS spectrum and (e) corresponding elemental mapping of BCN-10.

ascribed to the (111) crystal planes of Bi,0,4,% and graphitic
PT-C;N;,°* respectively. In addition, the selected area
electron diffraction (SAED) pattern of BCN-10 showed the
presence of bright spots arranged in concentric rings,
thereby indicating the formation of the polycrystalline
material (Fig. 4f).

X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical environment of the elements constituting BCN-10.
The peaks related to Bi, O, C, and N can be observed from the
full scan survey spectrum of BCN-10 (Fig. 5a). As displayed in
Fig. 5b, the high-resolution Bi 4f XPS spectrum exhibits two sets
of spin-orbit doublets. For pristine Bi,O,4, the peaks at 162.8 eV
(Bi 4fs;,) and 157.5 eV (Bi 4f,),) correspond to the trivalent
oxidation state of Bi (Fig. $3).°° In the case of BCN-10, these
peaks are observed with a slight shift to 162.1 eV and 156.8 eV,
respectively (Fig. 5b), indicating an interaction between PT-C3;Nj
and Bi,0,. In addition, the other set of spin-orbit doublets at
163.3 eV and 158.1 eV was attributed to the presence of Bi’
species, corresponding to metallic Bi.*® The high-resolution XPS

© 2026 The Author(s). Published by the Royal Society of Chemistry

spectrum of O 1s was deconvoluted into two peaks at 527.5 eV
and 529.2 eV, which could be associated with the lattice
oxygen and adsorbed oxygen species, respectively (Fig. 5c).®”%®
The two peaks in the C 1s spectrum (Fig. 5d), appearing at
285.3 eV and 282.9 eV, could be assigned to the sp® C-C and
sp> C=C bonds.**’® Moreover, the peak at 283.6 eV
corresponds to the C-O-C or C-O bonds.”" Furthermore, the
dominant peak centered at 397.8 eV in the N 1s spectrum can
be linked to the sp® hybridized N atoms (N-C=N) in triazine
rings (Fig. 5e).”*> The peak observed at 399.6 eV can be related
to the linking N atoms in N-(C); groups.”” Additionally, the
subdued peak at 396.3 eV corresponds to the sp?> C-N-C
bonds.”* The full survey scan spectra and high-resolution XPS
spectra of pristine Bi,O, and PT-C3N5 are displayed in Fig. S3.
The peaks corresponding to the constituent elements from the
pristine materials in BCN-10 indicate the successful formation
of the composite.

3.1.4. Photo-absorption properties. The UV-vis diffuse
reflectance  spectra  (UV-DRS) of the as-fabricated
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Fig. 4 (a and b) TEM images and (c) HR-TEM images of BCN-10. (d)

FFT image of BCN-10 depicting two bright spots A and B (points selected

through fill option) corresponding to Bi,O4 and PT-C3Ns, (e) inverse FFT image showing lattice distances, and (f) SAED pattern of BCN-10.
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photocatalysts are displayed in Fig. 6a. The absorption onsets
of Bi,04, PT-C;N5, and BCN-10 extended beyond 600 nm in
the visible light region. BCN-10 demonstrated a slight blue
shift in comparison to pristine Bi,O,4, due to the enhanced
visible light responsiveness. Fig. 6b presents the Tauc plots
of Bi,O,4, PT-C;N5, and BCN-10, as described by the Kubelka-
Munk function (eqn (2)).”°
ahv = A(hv - Eg)"” (2)
where «, hv, E;, and A correspond to the coefficient of
absorption, photon energy, energy band gap, and
constant of proportionality, respectively. Moreover, the
kind of transition (direct or indirect) associated with the
light-absorption process determines the value of n. The
E, values were calculated using eqn (2), and followed
the sequence: Bi,O, (1.91 eV) > BCN-10 (1.86 eV) > PT-
C3N5 (1.77 eV). These findings clearly demonstrated that
the reduced E, of BCN-10 improved its absorption for a
wider range of visible light and accounted for its
superior performance as a photocatalyst. Further,
Fig. 6c and d display the XPS-VB spectra of Bi,O, and
PT-C3N5, presenting their respective VB potentials (Eyg)
as +0.89 eV and +1.01 eV. Utilizing Eyg and E, for
Bi,O, and PT-C;N;, their CB potentials (Ecg) can be
obtained as follows (eqn (3)):
Ecp = Eyg — Ey

(3)

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) UV-vis DRS spectra and (b) Tauc plots of Bi,O4, PT-C3Ns, and
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BCN-10. XPS VB spectra of (c) Bi,O4 and (d) PT-C3Ns. (e) PL spectra of

Accordingly, the Ecg values for Bi,O, and PT-C3;Ns; were
calculated and found to be -1.02 eV and -0.76 eV,
respectively. Furthermore, the photoluminescence (PL)
spectra of all as-fabricated photocatalysts have also been
recorded and are presented in Fig. 6e. These findings
revealed the decrease in the PL intensity of BCN-10, in
comparison to Bi,O, and PT-C;N;. This implied the creation
of a heterojunction at the interface of Bi,O, and PT-C;3Ns,
which advantageously prevented the recombination of
photoproduced charge carriers. Furthermore, Fig. S4 displays
the findings of electrochemical impedance spectroscopy (EIS)
of the as-synthesized PT-C;N;, Bi,O,, and BCN-10. The
smallest Nyquist plot radius of BCN-10 implies that it
provides the least resistance to charge transfer compared to
the other pristine materials.”®

3.2. Photocatalytic performance of the synthesized
photocatalyst

In order to optimize the proportion of PT-C3;N; in the
BCN composites, the photocatalysts (Bi,O,, PT-C3Ns5, and
BCN composites) were tested for RCL degradation in an
aqueous solution under 50 W LED light (catalyst dose: 1
g L', initial RCL concentration: 5 mg L', pH: 7,
temperature: 27 + 2 °C) (Fig. 7a). Subsequently, the
optimal PT-C3;N; content in the BCN composite was
determined to be 10%, demonstrating the highest
degradation efficiency of 94.3% after 180 min. The
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photocatalytic performance of BCN-10 was notably superior
compared to Bi,O, (66.1%) and PT-C3N;5 (38.3%) due to
the synergistic effect of the constituting photocatalysts and
effective charge separation. Moreover, Bi,O,, PT-C;Ns,
BCN-5, BCN-10, and BCN-20 composites exhibited
controlled adsorption of 10.5%, 19.2%, 7.2%, 9.3%, and
15.0%, respectively, after a 30 min dark period (Fig. S5).
Unlike the PT-C;N; variation from 5% to 10% in the BCN
composite, any further increase beyond 10% caused a
notable decline in RCL degradation, which can be linked
to the excess PT-C3;Ns covering the reactive sites and
obstructing the migration of charge carriers.

Further, RCL photocatalytic degradation satisfactorily
adheres to the Langmuir-Hinshelwood model depicting
pseudo-first-order reaction kinetics (eqn (4)):”

518 | RSC Appl Interfaces, 2026, 3, 510-526

“In (g—;) — ke )

where k is the degradation rate constant and C, and C, are
the RCL concentration at any time ¢ and ¢ = 0, respectively. It
was observed that BCN-10 showcased the maximum rate of
degradation (k = 0.0145 min'), about 9.67 and 2.68 times
that of PT-C;N; (k = 0.0015 min™") and Bi,O, (k = 0.0054
min'), respectively, as shown in Fig. S6. The degradation
efficiency of BCN-10 for RCL degradation in the present study
was compared with that obtained using previously reported
photocatalysts (Table S4).

3.2.1. Impact of operational factors on RCL degradation

3.2.1.1. Impact of BCN-10 dosage on RCL degradation. The
effect of BCN-10 dosages (0.4 ¢ L™" to 1.2 g L") on RCL

© 2026 The Author(s). Published by the Royal Society of Chemistry
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degradation was determined, while maintaining other
parameters constant (initial RCL concentration: 5 mg L,
solution pH: 7, temperature: 27 + 2 °C) (Fig. 7b). It was noted
that the visible light exposure of 180 min resulted in the
enhanced RCL degradation from 39.8% to 94.3%, with
increasing BCN-10 dose from 0.4 g L™ to 1 g L', respectively.
This could be ascribed to the augmented number of reactive
sites with the rise in the photocatalyst dosage.”® Further
increasing the catalyst dose caused a decline in the
degradation efficiency (~87%), possibly due to the shielding
of the reactive sites on the photocatalyst's surface, due to the
agglomeration of the BCN-10 particles.”” In addition, a
higher catalyst dose would make the solution turbid, which
would impair the light transmittance and, hence, the
production of charge carriers. The results showed 1 ¢ " as
the optimum catalyst dose for maximum RCL degradation,
with the highest & value of 0.0145 min™".

3.2.1.2. Impact of initial RCL concentration on RCL
degradation. The RCL concentration was increased from 1 mg
L™ to 15 mg L™ to assess its effect on the photocatalytic
degradation of RCL, keeping other parameters constant
(BCN-10 dose: 1 g L™, solution pH: 7, temperature: 27 + 2 °C)
(Fig. 7c). The degradation efficacy improved from 47.2% to
94.3% as the RCL concentration increased from 1 mg L™ to 5
mg L' due to the enhanced interaction between RCL
molecules and BCN-10 particles.®® Further, upon increasing
RCL concentration from 5 mg L™ to 10 mg L', a notable
decline was observed (~13%), likely due to light absorption
by RCL molecules, limiting light transmission to the BCN-10
surface. Correspondingly, the k value decreased from 0.0145
min~" to 0.0081 min~" as the RCL concentration increased
from 5 mg L to 10 mg L. The elevated pollutant
concentrations reportedly hinder photon migration to the
photocatalyst surface, limiting charge carrier generation and
reducing  degradation efficiency.®" At RCL
concentrations, active sites on the surface of the catalyst are
abundant but become insufficient as RCL concentration
exceeds a certain limit (>5 mg L™").*> Hence, 5 mg L of RCL
concentration was found to be optimum for reaching
maximum degradation of RCL.

3.2.1.3. Impact of the solution pH on RCL degradation. The
effect of the solution pH on RCL degradation was analyzed,
taking into account the pH-dependent ionization state of
RCL and the BCN-10 surface charge characteristics (Fig. 7d).
The pH of the solution for this purpose was adjusted from 3
to 11 by adding 0.1 M HCI or 0.5 M NaOH. As per the
literature, the pH-dependent dissociation profile of RCL can
be described as follows (eqn (5) and (6)):**

lower

CeH,4(OH), = CgH4(OH)(0)” + H;0" pKy; = 9.44 (5)
CH4(OH)(O7) = CgH,4(0)*” + H;0"  pK,, = 12.32 (6)
As mentioned above, at pH > pK,;, RCL predominantly exists

in its negatively charged forms as the resorcinate monoanion
(CeH4(OH)(0)") and dianion (C¢H4(0)*"). Conversely, at pH <

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pKa1, RCL remains in its neutral form (C¢H,(OH),). Moreover,
Fig. 7e shows the surface charge profile of BCN-10, following
the zeta potential measurements. It is inferred that the
positively charged surface of BCN-10 neither attracts nor
repels the neutral RCL molecule under lower pH conditions.
In contrast, the abundant H' ions in the acidic environment
reduce the availability of O, radicals,* mainly responsible
for RCL degradation. As a result, reducing the pH from 5 to 3
decreases the RCL degradation efficacy from 90.5% to 72.1%.
Furthermore, at pH = 9, the increasing electrostatic
repulsion between the negatively charged surface of BCN-10
and resorcinate anions notably reduces the photocatalytic
degradation of RCL to 35.1% (at pH 11), with the least
degradation rate (0.0021 min*). Further, the maximum RCL
degradation (94.3%) recorded at pH 7 could be ascribed to
the absence of electrostatic repulsion and the increased
availability of O, species, facilitating efficient RCL
degradation. Therefore, pH 7 was found to be optimal for the
effective degradation of RCL.

3.2.1.4. Impact of inorganic ions and humic acid on RCL
degradation. The photocatalytic degradation of organic
contaminants is hindered by the existence of inorganic ions
and natural organic matter (NOM). Hence, quantification of
their impact is necessary. Various inorganic ions, including
cl, s0,>", HCO; , PO,*", NO;~, and Fe*', were added at a
concentration of 100 mg L™ to the reaction mixture (Fig. 7f).
The photocatalytic degradation of RCL was compromised by
Cl” ions due to their competitive adsorption on the catalytic
sites against RCL molecules. Additionally, CI" ions could
consume h*, responsible for RCL degradation.®® Likewise,
S0,>” could be adsorbed on the photocatalyst surface,
interfering with h* and forming SO,™, which is less reactive
due to its size and resonance effect.®® It was also observed
that NO; ions exerted minimal influence on the RCL
degradation, due to their low reactivity. The impact of HCO;~
ions was most pronounced, which reduced RCL degradation
to 66.8%, which could be supported by the fact that HCO;~
ions react with O, generating HCO;"~ and CO;" ions with
lower oxidizing potential.*”*® The photocatalytic degradation
of RCL was inhibited in the presence of PO,*” ions due to its
acidic behavior and strong binding affinity towards catalytic
sites.?® In the reaction mixture, Fe*" ions tend to form an
Fe(OH)," complex, which absorbs a portion of the incident
irradiation, thus limiting the photocatalysis of RCL to
73.8%.%° Humic acid was also introduced in the reaction
mixture, representing NOM in surface water. Consequently,
the RCL degradation declined to 29.6%, caused by the
competitive adsorption and radical scavenging ability of
humic acid.”

3.3. Mineralization efficiency of BCN-10

The mineralization ability of BCN-10 was analyzed using total
organic carbon (TOC) measurement, and findings are
displayed in Fig. S7. The TOC removal efficiency was
determined to be 62.5% after 180 min. This suggests that
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RCL molecules break down first, followed by the
mineralization of TPs over an extended period of time.

3.4. Stability and reusability potential of BCN-10

The chemical stability of BCN-10 was assessed by
quantifying the Bi leaching in the reaction mixture using
inductively coupled plasma mass spectrometry (ICP-MS).
The concentration of Bi detected in the treated effluent
was negligible, indicating BCN-10 to be chemically stable.
As depicted in Fig. 7g, around 12% drop in RCL
degradation was observed when the BCN-10 photocatalyst
was repeatedly used for up to 5 cycles. After each cycle,
the photocatalyst was separated through centrifugation,
followed by filtration, repeated washing with ethanol and
DI water, and finally dried at 60 °C for 12 h. The
observed decrement in degradation efficacy can be linked
to the remaining adsorbed RCL molecules anchored to the
BCN-10 surface. Moreover, the possibility of BCN-10
agglomeration during repeated cycles of use cannot be
excluded. The structural stability of BCN-10 was not
compromised, as evidenced by the XRD pattern of the
spent BCN-10 photocatalyst, which remained intact and
closely resembled that of the pristine BCN-10 (Fig. S8).
However, minor shifts observed in the XPS peaks of the
constituent elements indicate subtle changes in the local
chemical environment, likely resulting from the residual
RCL molecules remaining adsorbed onto the photocatalyst
surface during repeated use (Fig. S9).

3.5. Influence of other ECs and real water matrices

Investigating the influence of environmentally prevalent
ECs becomes necessary due to their adverse impact on the
photocatalytic degradation of RCL. In this regard, Fig. 7h
depicts the degradation of RCL considering the influence
of different ECs (each at a concentration of 5 mg L),
such as an organic dye (i.e.,, methylene blue (MB)), a
pharmaceutical (i.e., levofloxacin (LFN)), and a plasticizer
(i.e., bisphenol A (BPA)), by introducing them into the
solution along with RCL. These studies showed that the
RCL degradation declined to 64.8% due to the competitive
interaction of other ECs with active catalytic sites on the
BCN-10 surface and the concurrent consumption of
radicals that would otherwise solely contribute to RCL
degradation. The degradation efficiencies of BCN-10 for
MB, LFN, and BPA were found to be 78.6%, 41.4%, and
52.7%, respectively. Furthermore, the practical applicability
of BCN-10 was investigated in various real water matrices,
including DI water, surface water, and secondary effluent.
The water quality parameters of the aforesaid water
matrices are recorded in Table S5. As presented in Fig. 7i,
a minimal reduction in RCL degradation was observed in
surface water (86.5%) compared to DI water (94.3%),
possibly due to the induced turbidity and the minimal
presence of inorganic ions. This inhibition became more
pronounced in the secondary effluent, where increased
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turbidity, total suspended solids (TSS), and a higher
concentration of organic content and inorganic ions
resulted in decreased degradation efficiency (71.4%).
Therefore, it has been suggested that the pre-treatment
would help to reduce the interferences that could
otherwise inhibit the efficacy of the photocatalytic
treatment system.”®> The constituents of the respective
water matrices led to the consumption of reactive species,
shielding of catalytic sites, and reduced light
transmittance, and accounted for the observed inhibited
degradation of RCL.

3.6. Photocatalytic mechanism for RCL degradation

A radical scavenging study was performed to recognize the
key active species playing a crucial role in RCL degradation
(Fig. 8a). The typical experimental procedure involved radical
scavengers (each at a concentration of 1 mM), comprising
ascorbic acid (ASA), potassium iodide (KI), and isopropyl
alcohol (IPA) that were individually introduced in the reaction
mixture to capture O, , h', and 'OH, respectively. These
findings indicated that ASA, among all scavengers,
contributed to the most detrimental effect on RCL
degradation, reducing the degradation efficiency to 28.4%.
This implied O, to be the main active species governing the
photocatalytic degradation of RCL. In the existence of KI,
RCL degradation declined to 59.2%, signifying the role of h*
to be secondary. Unlike ASA and KI, IPA had a negligible
impact on the RCL degradation efficacy. The predominance
of O, in RCL degradation, as stated earlier, was ascertained
by electron paramagnetic resonance (EPR) spectroscopy
(Fig. 8Db).

Based on the as-obtained E, Ecp, and Eyg values, a
charge transfer mechanism for BCN-10 can be proposed, as
illustrated in Fig. 8c. Pristine Bi,O, and PT-C;N5 make
BCN-10 generate e~ and h* pairs in their respective CB and
VB when exposed to LED light. It is anticipated that
electrons (e) in the CB of Bi,O, (Ecg = —1.02 eV) migrate
to the less negative CB of PT-C3N; (Ecg = —0.76 eV), and
holes (h") in the VB of PT-C;Ns (Eyg = +1.01 eV) migrate
to the less positive VB of Bi,O, (Eyg = +0.89 eV). The e~
in the CB of PT-C;N; could react with O, in the reaction
mixture to produce O, , due to the lower redox potential
of 0,/0,” (-0.33 eV NHE').”* In contrast, the redox
potentials of OH/OH (+1.99 eV NHE ') and H,0/'OH
(+2.38 eV NHE™') are notably higher than the VBs of
Bi,O; and PT-C;N;, making h" incompetent to generate
"OH radicals.”® The aforementioned results suggest that
Bi,O, and PT-C;N;5 form a type-II heterojunction in the
BCN-10 composite.

3.7. Transformation products (TPs) and in silico toxicity
investigation

The photocatalytic degradation of RCL proceeded through
various degradation pathways, resulting in the formation of
various TPs and leading to mineralization into CO, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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H,0, as illustrated in Fig. 9, and numbered in Table Sé6.
The LC-MS/MS technique (as described in Section S2) was
employed to determine the TPs and elucidate degradation
pathways. In pathway I, the initial radical attack on RCL
produced a hydroxylated intermediate, TP1 (m/z = 126).
Subsequently, TP1 undergoes ring-opening to form TP2
(m/z = 147). TP2 was then oxidized to low molecular
weight aliphatic carboxylic acids, TP3 (m/z = 89) and TP4

© 2026 The Author(s). Published by the Royal Society of Chemistry

(m/z = 43).°> TP4 can then react with RCL molecules to
produce TP5 (m/z = 235), with a relatively larger m/z value
(m/z = 235). The aforementioned reaction predominantly
occurs at the ortho and para positions of the RCL
molecules.”® In pathway II, the ring opening of TP1
produces TP6 (m/z = 130), which further oxidizes to
produce low molecular weight aliphatic carboxylic acids,
TP7 (m/z = 76), TP8 (m/z = 106), and TP9 (m/z = 104).”°
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TP6 (2E, 4E)-penta-2,4-diene-1,2,5-triol
TP7 1,2-Propylene glycol
TP8 Glyceric acid
TP9 3-Hydroxybutyric acid
TP10 1,4-Benzoquinone
TP11 Oxalic acid
TP12 Glyoxylic acid
TP13 Formic acid
TP14 Maleic acid

10 mg/L

Fig. 9 (a) Degradation pathway of RCL displaying various TPs and (b) in silico prediction of ecotoxicity of various TPs of RCL.

In the context of pathway III, RCL undergoes an oxidation
reaction, forming TP10 (m/z = 108), and it is further
oxidized to TP11 (m/z = 90) and TP12 (m/z = 73).°” TP13
(m/z = 46) and TP14 (m/z = 116) are produced as a result
of the breakdown of TP10.”® The TPs generated in the
aforementioned pathways eventually degrade into low
molecular weight aliphatic compounds, ultimately leading
to complete mineralization into CO, and H,O.

522 | RSC Appl Interfaces, 2026, 3, 510-526

Furthermore, the ecotoxicity posed by RCL and its TPs
was estimated using TEST software. TPs were classified as
toxic (1 < LCsp < 10 mg L), harmful (10 < LCs, < 100
mg L"), non-harmful (>100 mg L"), and highly toxic
(LCso < 1 mg L) in accordance with the globally
harmonized system of classification and labeling of
substances (GHS).*** As displayed in Fig. 9b, RCL was

predicted to be a harmful entity; however, after

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic degradation, most TPs were found to be
non-harmful, except for TP1, TP5, and TP10. The
prevalence of toxicity in the aforementioned TPs is in
accordance with their sustained aromatic, redox-active, and
electrophilic nature. Reportedly, TP1 undergoes auto-
oxidation in aerated solutions, continuously generating
ROS, thereby causing oxidative stress on aquatic
creatures.’® Quinone-type compounds (TP5) can also
undergo continuous redox cycling between quinone, and
its derivative forms, thereby generating ROS and acting as
strong electrophiles that react with biological molecules,
causing enzymatic activity inhibition and cellular
toxicity."" Similar mechanisms have also been reported
for TP10 and related quinones, showcasing carcinogenicity
and mutagenicity.'®® Although TEST highlights the

View Article Online
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ecotoxicity potential of individual TPs, it does not consider
the combined impacts of TPs in the mixture.

3.8. Assessment of the phytotoxicity potential of the
photocatalytically treated RCL solution

A seed germination assay was performed to assess the
phytotoxicity risk of the treated effluent containing TPs
(Fig. 10a). The RSG and RRG of the control (DI water),
untreated (5 mg L™ RCL solution), and photocatalytically
treated samples are presented in Fig. 10b and c. Clearly, the
RSG and RRG of the control sample were 100%. In
comparison, the photocatalytically treated sample exhibited
higher values (RSG = 87%; RRG = 94%) than the untreated
sample (RSG = 56%; RRG = 39%). This reduction is mainly

Seed Germination Assay

80

60

Relative seed growth (RSG) (%)

20

Untreated Treated

Type of sample

Control

Fig. 10
untreated samples.
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(a) Seed germination assay using Vigna radiata seeds, (b) relative seed growth (RSG), and (c) relative radicle growth (RRG) for treated and
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due to the presence of organic pollutants in the untreated
sample, which may increase the production of endocellular
reactive oxygen species in Vigna radiata seeds, inducing
oxidative stress. The photocatalytically treated sample was
found to have a GI value of ~82%, implying it to be non-
phytotoxic.

4. Conclusions

In the present study, a novel type-II heterojunction Bi,O,/PT-
C;N5 photocatalyst was prepared by a facile hydrothermal
technique. The morphological assessment revealed quasi-1D
rod-like Bi,O, wrapped around 3D block-shaped PT-C;N5
with stacked layers. Under optimal conditions (BCN-10 dose:
1 g L7, initial RCL concentration: 5 mg L™, pH: 7, and
temperature: 27 + 2 °C), BCN-10 achieved around 94.3% of
RCL degradation in 180 min, exhibiting a degradation rate
constant of 0.0145 min ', higher than that of Bi,0, (k =
0.0054 min™") and PT-C;N; (k = 0.0015 min"). This could be
associated with the improved visible light absorption
potential resulting from the narrowing of the energy bandgap
and the reduction of charge carrier recombination due to the
creation of an interfacial heterojunction between constituent
materials in BCN-10. The presence of HCO; ions and humic
acid had the most detrimental effect on RCL degradation,
reducing the degradation efficacy to 66.8% and 29.6%,
respectively. The extent of Bi-leaching at the end of the
reaction period was negligible, indicating BCN-10 to be
chemically stable. The BCN-10 photocatalyst showed
reusability potential up to 5 cycles with a reduction of ~12%
in RCL degradation. As proven by the radical capturing
experiment, O, was the main active species participating in
RCL degradation, followed by h'. The co-occurrence of other
ECs and real water matrices showed an adverse impact on
RCL degradation, possibly due to the simultaneous
consumption of active radicals and competitive adsorption of
inorganic ions on BCN-10 active sites, respectively. The in
silico prediction of TPs generated during RCL degradation
indicated that they were mostly non-toxic. Further, it was
confirmed that the treated RCL solution was devoid of
phytotoxicity.
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