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The development of visible-light-responsive, multifunctional photocatalysts is critical for advancing solid-state
materials for environmental and antimicrobial applications. Conventional Ag/TiO2 photocatalytic systems
offer a promising solution for visible-light responsiveness and antimicrobial properties, but often suffer from poor
stability and recovery, as well as complex synthesis routes. In this work, a ternary Ag/BioMoOge/TiO2 (ABMOT)
heterojunction photocatalyst was synthesized via a green, microwave-assisted approach using palm oil mill
effluent (POME) as a natural reducing and stabilizing agent, thereby addressing waste valorization alongside
material fabrication. Structural, morphological, and optical properties were systematically investigated using
FTIR, XRD, PL, XPS, TEM, SEM-EDX, and UV-Vis DRS, thereby confirming the successful formation of a het-
erojunction and the enhancement of visible-light absorption. The ABMOT nanocomposite achieved 97.2%
degradation of oxytetracycline under visible light irradiation at an optimal dosage of 0.6 g/L, attributed to its
strong adsorption capacity, pollutant tolerance, and structural stability over four successive cycles. In addition,
ABMOT imparted notable antibacterial activity against Escherichia coli and Staphylococcus aureus, demonstrating
its multifunctional nature. To overcome the recovery limitations of slurry photocatalysts, ABMOT was immo-
bilized in polyacrylonitrile (PAN) membranes via the phase inversion, resulting in improved hydrophilicity,
porosity, water flux, and pollutant rejection. This study presents a sustainable approach to designing multi-
functional ABMOT ternary photocatalysts with enhanced optical and physicochemical properties, providing
insights into circular-economy-driven solid-state materials for advanced separation and photocatalytic
technologies.

Membrane immobilization

1. Introduction

The global escalation of pharmaceutical contaminants, particularly
antibiotics such as oxytetracycline (OTC), poses a significant threat to
aquatic ecosystems and human health due to their persistence and role
in promoting antibiotic-resistant bacteria [1]. Traditional wastewater
treatment methods such as coagulation, flocculation, and bioremedia-
tion often fall short in completely mineralizing these persistent mole-
cules [2-4]. Therefore, there is a need to develop improved water
treatment technologies, such as advanced oxidation processes (AOPs).
Among the various AOPs, heterogeneous photocatalysis has emerged as
a promising tool in the complete mineralization of pollutants. This is
because photocatalysis uses solar energy to generate reactive oxygen
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species (ROS), such as hydroxyl and superoxide radicals, that degrade
organic pollutants into harmless byproducts [5].

While TiO, has long been a benchmark material in photocatalysis
due to its non-toxicity and chemical stability, its wide bandgap (~3.2
eV) limits its activity to the UV region and leads to rapid electron-hole
recombination. To overcome these limitations, the design of multi-
functional ternary or binary nanocomposites (NCs) has emerged as a key
research frontier in recent decades [6,7]. Specifically, integrating
BioMoOg and Ag with TiO5 offers a synergistic solution. This is because
BisMoOg exhibits visible-light responsiveness due to its narrow bandgap
(~2.5-2.9 eV) [8]. Whereas metallic Ag can act as a plasmonic sensitizer
via surface plasmon resonance (SPR) and as an electron mediator
[9-11]. The electronic compatibility among these three components
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enables a Z-scheme heterojunction that spatially separates charge car-
riers while preserving the high redox potentials required for OTC
degradation and antimicrobial activity [12,13].

Despite the potential of such systems, most fabrication routes rely on
harsh solvent systems and toxic reducing agents. Hence, plant extracts,
microorganisms, or agricultural waste can be used via green synthesis to
mediate the fabrication of ternary heterostructures of Ag/BisMoOg/TiO2
(ABMOT), thereby providing a greener and more benign alternative to
conventional synthesis. Recent studies have demonstrated that plant-
derived phytochemicals can act as effective reducing, stabilizing, and
capping agents, enabling controlled formation of metal oxide and
complex perovskite nanostructures with desirable physicochemical
properties [14,15].

The palm oil industry is among the largest in tropical regions such as
Southeast Asia and Africa. Generally, about 10% of palm produce yields
oil, and the remaining 90% becomes vegetative waste such as empty
fruit bunches, palm press fibers, palm kernel shells, and palm oil mill
effluent (POME) [16]. These wastes contain an abundance of phyto-
chemicals, including carotenoids, phenolics, sterols, flavonoids, and
tocopherols, which have been previously studied and used in the syn-
thesis of various nanomaterials [17-21]. While the high organic content
in POME could pose environmental risks, these unused compounds
could also be a promising resource for the green synthesis of
nanomaterials.

Previous studies have successfully demonstrated the green synthesis
of Ag nanoparticles (NPs) (AgNPs) and gold nanoparticles (AuNPs) by
utilizing POME as a reducing and stabilizing agent [20,22]. While these
works have greatly advanced POME-derived nanomaterials, they largely
focus on individual NPs. The fabrication of more complex ternary NCs
requires more nuanced methods, especially when using an unconven-
tional green source such as POME. Despite growing interest in sustain-
able synthesis routes, few studies have explored the formation of ternary
NCs using POME as a key component. Furthermore, no comprehensive
studies have investigated the photocatalytic and functional performance
of POME-derived ternary systems. However, given that past studies have
employed green synthesis to form multiple semiconductor hetero-
junctions, such as perovskite/metal oxide-based systems, the formation
of complex ternary heterostructures via the POME-derived route is
theoretically possible despite the complex composition of POME
[23,24].

Another drawback that needs to be addressed in the application of
NCs in photocatalytic treatment is the difficulty of separating their
powder post-treatment. One way to overcome this drawback is to
immobilize the NC on materials that are easily removed or replaced,
which has recently attracted research interest in integrating photo-
catalytic NCs with polymeric membranes [25]. Among various mem-
branes, polyacrylonitrile (PAN) is a well-known commercial polymer
with good solubility in organic solvents, unique chemical and thermal
properties, radiation stability, and low cost. However, PAN-based
membranes also have disadvantages, including low chemical stability,
fouling, and hydrophobicity. To enhance its properties and address its
shortcomings, PAN can be modified with nanomaterials.

Therefore, this work focuses on developing a POME-derived micro-
wave-assisted ternary ABMOT heterojunction with multifunctional
performance. The key contribution of this study is the demonstration of
the feasibility of valorizing POME for the synthesis of complex ternary
NC systems. Additionally, the antimicrobial efficacy of the ABMOT
system against E. coli and S. aureus was investigated. Finally, a proof-of-
concept study investigating the compatibility of ternary ABMOT with a
complex PAN matrix via phase inversion was also conducted. Overall,
this study highlights the comprehensive assessment of a sustainable,
multifunctional platform for advanced water remediation.
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2. Experimental
2.1. Materials

For this study, starting materials titanium butoxide, Ti
(OCH2CH2CH2CH3)4 (97% reagent grade), bismuth (III) nitrate penta-
hydrate, Bi(NO3)3-5H20 (ACS reagent, >98.0%), Sodium molybdate
dihydrate, NaoMoO4-2H20 (ACS reagent, >99%), urea, NH,CONH,
(ACS reagent, 99.0-100.5%), and polyvinylpyrrolidone, (CcHgNO),
(average M,y ~ 1,300,000) were purchased from Sigma-Aldrich. Hy-
drochloric acid (HCD), sodium hydroxide (NaOH), ethylene glycol
(HOCH,CH,0H, >99.5%), and absolute ethanol were obtained from
Merck. Silver nitrate, AgNO3 (AR, 99.98%), was procured from Bend-
osen. Other materials include polyacrylonitrile (C3H3N), (average M,
~ 150,000), ultrapure water, UPW (HPLC grade), and dimethyl sulf-
oxide (CH3)2SO (AR, >99.9%), which were purchased from Shanghai
Macklin Biochemical Co., Ltd., Fisher Chemical, and RCI Labscan Ltd.,
respectively.

2.2. Preparation and evaluation of POME extract

The preparation of POME extract was carried out in accordance with
the previous work of Gan et al. [20]. Raw POME was obtained from
SALCRA Oil Palm Mill in Kota Samarahan, Sarawak, Malaysia, and dried
at 60 °C for 24 h in a glass container. After the POME samples were
dried, they were scraped and ground into a powder, then sieved to
remove coarse particles. Extraction of bioactive compounds from dried
POME was performed by adding a fixed amount of dried POME powder
to 100 mL of distilled water, followed by stirring at 80 °C for 30 min. The
mixture was then filtered using Whatman filter paper to attain the POME
extract. The extract was then kept at 4 °C in a refrigerator until further
use.

2.3. Preparation of TiO2 and Bi;MoOg precursors

TiO, was synthesized via the sol-gel method using titanium(IV)
butoxide as the precursor, as previously reported in our study [26]. The
sol-gel synthesis of TiOy was carried out by combining titanium (IV)
butoxide with ethanol in a 1:2 ratio. The mixture was stirred for 30 min,
then 100 mL of distilled water was added dropwise. The resulting so-
lution was subsequently stirred for 2 h, then filtered and washed three
times with distilled water and ethanol. The sol-gel was then dried at
110 °C for 2 h, followed by calcination in a furnace (Protherm PLF 110/
30) at 300 °C for 5 h.

BisMoOg was synthesized via a green solvothermal method as
described in previous studies with some modifications [27,28]. In this
method, 2 mmol of Bi(NO3)3-5H,0 and 1 mmol of Na,MoO4-2H,0 were
each dissolved in 30 mL of ethylene glycol under magnetic stirring to
produce Solutions A and B, respectively. Solutions A and B were then
combined, followed by the addition of 30 mL of EtOH and a fixed
amount of POME extract. The solution was then transferred into a hy-
drothermal reactor and kept at 150 °C for 12 h. After the reaction was
complete, the precipitate was filtered and washed several times with
deionized water and ethanol.The precipitate was subsequently dried at
80 °C for 12 h.

2.4. Synthesis of ternary Ag/BisMoOg/TiO2

The synthesis of Ag/BioM0Og/TiO2 (ABMOT) NC was performed by
mixing TiOy and BisMoOg at a predetermined ratio (1:0.3) in 50 mL of
distilled water under controlled aqueous conditions. The mixture was
stirred for 30 min. Next, Ag was deposited by mixing AgNO3 with 50 mL
of water, then adding POME extract. The mass of AgNOg that was added
is 10% wt relative to the total TiO2/BisMoOg binary mass. This mixture
was then added to the BixMoOg/TiO5 mixture, followed by microwave
irradiation in a commercial microwave oven at 100 W for 6 min to
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promote AgNP deposition. Finally, the mixture was magnetically stirred
for another 2 h, then filtered, washed, dried at 80 °C for 12 h, and stored
for further testing. A summary of the entire synthesis process is illus-
trated in Fig. 1. The specific composition of the ternary NC was deter-
mined through a series of optimization experiments (Fig. S1), in which
the ratios were varied to maximize the photocatalytic degradation of
OTC. A summary of the composition and respective photodegradation
rates of OTC is also summarized in Table S1.

2.5. Characterization of NCs

Scanning electron microscopy (SEM) (Model: JEOL, JSM-IT500HR)
was used to determine the morphological properties of the NCs. This
was followed by an analysis of the particle size distribution of the NC
using ImageJ software. The microstructural characteristics were exam-
ined using a (Model: FEI Tecnai G2 F20) transmission electron micro-
scope (TEM) at an accelerating voltage of 200 kV. Analysis of functional
groups in the NCs was performed using Fourier transform infrared
spectroscopy (FTIR) (Model: Shimadzu Iraffinity-1) with KBr pellets as
the standard in the wavelength range of 4000-400 cm™l. X-ray
diffraction (XRD, PANalytical X'pert PRO) was conducted to determine
the crystalline structure and phase of the green-synthesized samples.
UV-vis diffuse reflectance spectroscopy (UV-Vis DRS) (Model Carry
5000) was employed to determine the effective absorption spectra of
NCs, and the Kubelka-Munk plot was established to confirm any changes
in the energy bandgap. The photoluminescence (PL) emission spectra of
the photocatalysts were recorded using a fluorescence spectrophotom-
eter (PerkinElmer LS55) equipped with a xenon lamp, with an excitation
wavelength of 315 nm. The valence states of the surface elements pre-
sent were identified using X-ray photoelectron spectroscopy (XPS)
(Model: Kratos, AXIS Ultra DLD), equipped with a monochromatic Al ka
source (1486.6 eV) operated at 9 mA and 12 kV under ultra-high
vacuum.

2.6. Photocatalytic activity evaluation of ABMOT

The photocatalytic efficiency of the synthesized NCs was determined
by measuring their ability to degrade OTC antibiotics under illumination
by a 300 W Xenon Lamp. To ensure visible light irradiation, a glass
cutoff filter was used to block wavelengths below 420 nm. First, a fixed
amount of the ternary NC was added to the 10 mg/L OTC solution, and
the mixture was stirred using a magnetic stirrer. The suspension was left
to stir in the dark for 1 h to allow the adsorption-desorption equilibrium
of OTC on the photocatalyst to reach. After 1 h, the suspension was
irradiated under visible light (300 W). The photocatalytic degradation
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experiment was extended for another 2 h. A fixed aliquot was taken
every 30 min over the 3-h photocatalytic experiment. All aliquots of the
suspension were spun with a tabletop centrifuge (Hettich, EBA 200) at
6000 rpm for 10 min before being subjected to analysis with a UV-Vis
spectrophotometer. The analysis was performed by monitoring changes
in the A max at 352 nm. The removal efficiency was calculated as shown
in Eq. (1):

C—C
Removal efficiency (%) = lC % 100% (€]

i

where G; is the initial concentration of OTC and Cs is the final concen-
tration of OTC. The photocatalytic treatment was conducted by varying
the catalyst dosage (0.3 g/L, 0.6 g/L, 1.2 g/L) and initial concentration
(10 mg/L, 15 mg/L, 20 mg/L).

To investigate the primary reactive oxygen species (ROS) involved in
the photocatalytic mechanism, radical scavenger experiments were
conducted by adding MeOH (0.2 mmol/L), Hy0, (0.2 mmol/L), and p-
benzoquinone (p-bzq) (0.2 mmol/L) to the prepared OTC solution (10
mg/L) to target hydroxyl radicals, holes (h"), and superoxide radicals,
respectively. In each run, the ABMOT NC was added at the optimized
dosage of 0.6 g/L. Photocatalytic experiments were carried out in a
manner similar to the photocatalytic evaluation method. Each aliquot
was analyzed every 30 min using a UV-Vis spectrometer at 352 nm.

2.7. Recyclability and stability of ABMOT NC

To evaluate the long-term performance of ABMOT ternary NC, a
recyclability study was conducted to assess its stability over 4 consec-
utive cycles. This was achieved by conducting photocatalysis under
optimized conditions: a catalyst dosage of 0.6 g/L and an initial OTC
concentration of 10 mg/L. After one cycle, the photocatalyst was
recovered by centrifugation, washed with distilled water and ethanol to
remove residual pollutants, then dried and reused under the same
experimental conditions. The aliquots from each cycle were collected as
described in the method for photocatalytic activity evaluation and
analyzed with a UV-Vis spectrophotometer.

Additionally, Ag leaching was also conducted on each recycled NC.
To monitor potential Ag leaching and functional stability, the retrieved
NC samples from each cycle were subjected to antibacterial testing via
disc diffusion assay against E. coli and S. aureus. This secondary assess-
ment used the retrieved samples at a 1 g/L concentration in PBS to verify
whether the loss of Ag species occurred during degradation cycles,
thereby impacting the inherent antimicrobial potency of the ternary
systems.

Microwave
irradiation

Magnetic stirring

Ag/BiMo0,/TiO,

&/

Fig. 1. Schematic illustration of Ag/Bi;M0Og/TiO, NC synthesis.
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Next, the stability of ABMOT ternary NC in different environmental
conditions was tested by substituting distilled water with river and lake
water samples that were collected from the Sarawak River (1.560562°,
110.34578°) and UNIMAS Lake (1.469601°, 110.434734°), respec-
tively. Each water matrix was spiked with 10 mg/L of OTC and treated
with 0.6 g/L of catalyst. Photocatalytic experiments were conducted
under identical, optimized conditions to evaluate the performance of
ABMOT across different water matrices, in line with previous studies
[29]. Furthermore, COD analysis was also conducted to determine the
mineralization rate of OTC in different water matrices using ABMOT.
The Closed Reflux Colorimetric Method, as specified in the Standard
Method for Water and Wastewater Examination [30], was applied.

2.8. Antibacterial activity evaluation

The antibacterial study was conducted using the disc diffusion
method to assess the antibacterial activity of ABMOT against Gram-
positive (E. coli) and Gram-negative (S. aureus) bacteria. The bacterial
strains were obtained from the Microbiology Laboratory 2 at the Faculty
of Resource Science and Technology, UNIMAS. The bacterial strains
were revived in nutrient broth (NB) and inoculated onto nutrient agar
(NA) plates. Next, the inoculum was standardized by transferring several
colonies into fresh NB and adjusting the culture to a turbidity equivalent
to a 0.5 McFarland standard. The antibacterial assay was conducted by
first comparing the effectiveness of ABMOT against its unary and binary
counterparts in inhibiting bacterial growth. All samples were fixed at a
concentration of 1 g/L. A determined amount of the mentioned samples
was mixed with phosphate-buffered saline (PBS) solution. Sterile filter
papers were then dipped into the PBS solution containing these samples.
Following this, the standardized inoculum was swabbed onto NA plates
with sterile cotton swabs, and the treated filter papers were placed on
the agar surface and incubated at 37 °C for 24 h. The diameter of the
inhibition zones was measured after the incubation period. This exper-
iment was repeated by varying the ABMOT concentration to 1, 2, 4, 8,
and 10 g/L.

2.9. Application of biosynthesized NCs with PAN membrane

2.9.1. Preparation of Ag/BioMoOg/TiO2@PAN membrane

The fabrication of NCs into the PAN membrane was carried out using
the phase inversion method. In this process, 85 g of DMSO was measured
and poured into a beaker. This was followed by the addition of 1% of
ABMOT NC based on the weight of PAN into the beaker containing the
solvent. The solution was stirred at 80 °C for 1 h. After thorough mixing,
the solution was transferred into a conical flask, where 15 g of PAN
powder was added. The mixture was then continuously stirred at 80 °C
for 24 h until complete dissolution and homogenization were achieved.
After the casting solution was fully dissolved and homogenized, it was
sonicated for 10 min to remove any entrapped air bubbles prior to
casting. The final solution was then hand-cast onto a clean glass plate
using a metal rod to obtain a uniform membrane film. To ensure uniform
and precise film thickness, adhesive tapes with a thickness of 100 pm
were applied to the longitudinal edges of the glass plates to serve as a
spacer. The glass plate was then immersed in a coagulation bath to
induce phase inversion, forming a solid membrane. After complete
phase separation, the membrane was carefully peeled off and further
soaked in ultrapure water to remove residual solvents. The final mem-
branes were stored in ultrapure water until further use. A bare PAN
membrane was also prepared in the same manner, without NC. The NC
loading percentages were strategically selected with reference to a prior
study as representative benchmarks for evaluating the structural and
chemical compatibility of the ABMOT ternary NC within the PAN matrix
[31,32]. This serves as a proof of concept for the immobilization of
complex ternary NCs within a polymer support. The composition used to
prepare the bare PAN membrane and NC membranes is summarized in
Table 1.
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Table 1
Composition of ABMOT NC-embedded PAN membranes.

Membrane PAN (g) DMSO (g) NC loading (g)
PAN 15.00 85.00 0.00
1% ABMOT@PAN 15.00 85.00 0.15
2% ABMOT@PAN 15.00 85.00 0.30

2.9.2. Characterization of the synthesized membrane

The characterization of the membranes was performed using SEM
coupled with EDX to determine their surface morphology and cross-
section. Additionally, FTIR analysis was conducted to confirm the
chemical interaction of NCs within the membrane matrix via FTIR
spectroscopy (Model: Thermo Nicolet iS10), equipped with attenuated
total reflectance (ATR), in the spectral range of 2000-400 cm L
Moreover, the water contact angle (WCA) of the membrane samples was
measured using a goniometer (Model: OSSILA L2004A1) to assess the
hydrophilicity of the NC-modified membranes. Finally, the porosity of
the NC membranes and pristine membranes was also calculated using
the gravimetric method, based on the weight of water in the membrane
pores, as in a previous study by Tavakolmoghadam et al. [33]. The
equation for the calculation of the membrane porosity was done as
follows:

Wiwet membrane ~Wdry membrane

Pwater

Wivet membrane ~Wdry membrane + Wdry membrane
Pwater PPAN

where ¢ refers to the membrane porosity, Wyer membrane> 1S the weight of
the wet membrane, Wy, membrane i the weight of the dry membrane, p,, g,
is the density of water (0.998 g.cm ™), and ppanis the density of PAN
(1.184 g.mL™Y).

E =

%100 (%) )

2.9.3. Evaluation of membrane filtration properties

The membrane permeation test served as the primary evaluation to
compare the performance of pristine PAN membranes with that of
membranes incorporated with ABMOT ternary NC. This test consisted of
pure water flux and OTC rejection. For the pure water flux test, mem-
branes were compacted using a backflow that was recirculated into the
filtration system feed. Pure water flux was determined by pumping ul-
trapure water into the system at 2 bar for 1 h to stabilize the membrane
system. Then, the water flux test was conducted at 1 bar for another
hour, with results recorded every 10 min. The procedure was repeated 3
times to ensure accurate reading and replicability of water flux results.
Similarly, the OTC rejection test was performed using the same pro-
cedure, with 10 g/L OTC solution as the feed. The concentrations of the
initial feed and permeate were measured using a UV-Vis spectropho-
tometer (Model: Perkin-Elmer LS55) at a A max of 352 nm. The water
flux and OTC rejection were obtained following the equation as
described by Huang et al. [34]:

\4
=  (L-mZ2%hn!
I AxtxP ( m=h ) 3
Cee _Cermeae
RR (%) = ~feed — Zpermedte . 100% @
Cfeed

where, Jqux represents the water flux (L-m~2h™Y), V is the volume of
permeate, A, is the effective area of membrane (m?), P is the operational
pressure (bar), RR is rejection rate (%), Creeq is the concentration of OTC
in the feed and Cpermeate is the concentration of OTC from the permeate
collected.



D. Kanakaraju et al.
3. Results and discussion
3.1. Characterization of Ag/BiMo0Og/TiO2

3.1.1. Morphological and structural analysis

Fig. 2a shows the FTIR spectrum of ABMOT, compared with those of
its individual counterparts. FTIR analysis shows that pristine TiO, had
broad absorption peaks at ~3100-3600 cm ™! and strong peaks at 640
em ™! corresponding to -OH stretching and Ti-O-Ti bonds, respectively.
BiaMoOg, on the other hand, showed strong characteristic peaks at 1107
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em; ! 813 ecm; ! and 729 em ™!, Bi—O bond, Mo—O stretching vibration
modes, and MoOg asymmetric stretching, respectively [35,36]. AgNPs
characteristic bands at 1384 and 1620 cm ™! are mainly ascribed to C=C
stretching of aliphatic alkenes and C=O from aldehydes or ketones,
respectively [37]. Peaks at around 671 and 779 cm ™! indicate Ag-O-Ag
stretching modes [38]. In the case of ABMOT, most of the characteristic
bands of TiO, were maintained, except for the appearance of broader
bands between 600 and 800 cm ! a distinct peak at 1384 cm™?, and a
widened peak at 3142 cm ! The observed could be linked to the pres-
ence of Bi—O and Mi-O bonds and bound organic compounds as

® ® Ag/Bi,MoOg TiO
140.00 —ig{\]}]ﬁ:}[oOdTiO: -:;éf\‘%" 004/ TiO;
- AgBi = TiO,
120.00 = TiO~ Ag — Tio,
= Bi;MoOg Ti Mo Bi,MoOg
5100.00 H 2
2 .
E z
= w
- g
£ z
| Ti0, PDES 211272
ala L a o 5
3600.00 2800.00 2000.00 1200.00 400.00 20 25 30 35 40 45 50 55 60 65 70 75 80
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(c) 14000 :
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2000
0
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Fig. 2. (a) FTIR and (b) XRD spectra of ABMOT, AgNP, TiO, and Bi;MoOe, (c) EDX spectra and elemental mapping of ABMOT, (d) SEM image of ABMOT (60,000 x

magnification), and (d) particle size distribution of ABMOT NCs.
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described.Thus, the FTIR spectra of the samples confirm the presence of
all key functional groups associated with ABMOT ternary
heterostructures.

Further characterization by XRD was conducted to investigate the
crystalline structure and phase composition of the synthesized samples
(Fig. 2b). The diffraction patterns were compared with Joint Committee
on Powder Diffraction Standards (JCPDS) standards to identify charac-
teristic peaks for each phase. It can be observed that pristine TiOs
showed characteristic 20 = 25.4°, 38.5°, 48.1°, 55.1°, 63.0° (JCPDS
21-1272) corresponding to anatase phase (101), (004), (200), (211),
(204), and (220) crystal faces, respectively. The anatase phase of TiO3 is
well known for its highest photocatalytic activity among the polymorphs
[39]. This makes it suitable for combining with other materials to
further enhance its properties. Given the dominant formation of (101)
crystal facets, the synthesized TiO; is thermodynamically stable, which
is favorable for long-term structural stability [40]. On the other hand,
individual samples of AgNPs exhibited peaks of Ag (200) at 20 = 44.6°,
Ag (220) and 20 = 64.6°, and Ag (311) at 20 = 77.4° (JCPDS 04-0783)
(Fig. 2b). Similar peaks were observed in a past study by Aleiro et al.
[22] in which the characteristic peaks of AgNPs that were synthesized
with POME also exhibited peaks corresponding to (200), (220), and
(311). However, the major peaks at 20 = 28°, 32°, and 38° were absent
in the POME-derived AgNPs of this study, suggesting the macromolec-
ular phytoconstituents and bioactive compounds from POME were not
present on the NP surface [41]. This absence could be due to the drying
process, which likely removed these phytoconstituents from the surface
of the synthesized AgNPs. The diffraction peaks of pure Bi;MoOg showed
distinctive peaks around 26 = 28.3°, 32.5°, 47.1°, and 55.8° corre-
sponding to (131), (200), (260) and (331) planes, respectively (Fig. 2b).
The XRD pattern suggests the formation of the orthorhombic Aurivillius
phase of y- BioMoOg (JCPDS 21-0102), thus confirming the succession
of crystalline BisMoOg, This phase is desirable as it has a greater capacity
to capture visible light than its fluorite-structured counterparts,
a-BisMo3015 and f-BigMo2Og [42]. Upon the formation of ternary
ABMOT NC, Ag peaks at 20 = 44.6° (200) and 20 = 64.8° (220) were
detected, confirming that AgNPs were successfully deposited into the
ternary NC matrix (Fig. 2b). Similarly, all characteristic peaks of
BisMoOg and TiO; were retained, albeit with reduced intensity. This
indicates the coexistence of the different phases within the ternary
components and reflects increased structural distortion, a typical feature
in most NC systems.

Moreover, photocatalytic performance is often linked to their
morphology [43]. Therefore, further morphological and elemental
characterization was performed using SEM-EDX. The surface
morphology of pristine TiO3 synthesized via the sol-gel method exhibits
smooth, spherical NPs that tend to agglomerate (Fig. S2a), a common
feature in nano-TiO; due to its high surface energy, van der Waals forces,
and hydrogen bonding, which drive the NPs to cluster together [44,45].
Similarly, POME-derived AgNPs also formed spherical aggregates
(Fig. S2b). Similar results were also reported by Gan et al. [20], who
observed spherical POME-derived AuNPs with uniformly distributed
aggregates. More recently, another study reported that POME-derived
AgNPs exhibited evenly distributed spherical NPs stabilized by specific
bioactive compounds such as ascorbic acid, gallic acid, and vanillic acid,
thereby facilitating controlled particle size and shape [46]. On the
contrary, Bi,MoOg formed very distinctive morphologies. Bi;MoOg
exhibited nanoplate-like structures that overlapped (Fig. S2¢). A similar
morphology of green hydrothermally synthesized perovskite Bi;WOgq
was also observed by Kanwal et al. [27]. In their study, the perovskite
nanomaterial was synthesized using Azadirachta indica leaves, which
facilitated controlled nucleation and prevented uncontrolled aggrega-
tion of the growing crystallites, thereby allowing the formation of plate-
like nanostructures that aggregate into a flower-like aggregate [27]. The
ternary composites appeared more compact and homogeneous, sug-
gesting successful assembly of the components via microwave-assisted
routes (Fig. 2¢). This method provides a favorable environment for the
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uniform dispersion and anchoring of the components through direct
interactions with polar molecules [47]. This enables an even removal of
dispersants and allows for consistent nucleation throughout the system
[48]. Additionally, elemental mapping via EDX (Fig. 2¢) confirms the
uniform distribution of each component, with ratios of Ti, Ag, Bi, Mo,
and O of 52.00%, 2.97%, 10.87%, 3.93%, and 30.23%, respectively
(Table 2). This data supports the XRD findings of successful material
integration. Nevertheless, it is worth noting that the overall composition
and distribution of elements may not directly translate to the mass
percentages of elements detected by EDX mapping, as different elements
may be preferentially adsorbed at the surface within the ternary matrix
[49]. To further elucidate the nanoscale characteristics of the ABMOT
ternary NC, a higher-resolution image and the corresponding particle
size distribution were analyzed (Fig. 2d and e). The particle sizes of the
ternary NC were measured manually in ImageJ using the SEM image
scale, with a total of 70 measurements. The particles predominantly fall
within the nanometer range, with an average particle size of ~81.17 nm
and a standard deviation of +£60.33 nm. The relatively large standard
deviation reflects the heterogeneous nature of the ternary composites, in
which a mixture of smaller NPs, larger agglomerates, and irregularly
shaped structures contributed to a broader distribution of the particle
sizes as observed in Fig. 2d. This variability is a common characteristic
of a multicomponent NC and further supports the successful integration
of the different constituents within the ternary NC. Despite POME acting
as a reducing and stabilizing agent, it may not fully prevent post-
synthesis aggregation during drying and calcination. In fact, such hier-
archical aggregations might even be beneficial, as they increase light
scattering, which could improve photocatalytic performance [50].
Additionally, the nanoscale structure and interfacial characteristics
of the ABMOT ternary NC were analyzed with HRTEM (Fig. 3). The TEM
images (Fig. 3a) clearly reveal the hierarchical structure of the com-
posite, where Bi,MoOg nanoplates appear to serve as the primary sub-
strate for the uniform dispersion of TiO2 and Ag NPs. HRTEM revealed
well-defined lattice fringes, which confirms the crystalline nature of the
composite (Fig. 3b). Two prominent interplanar spacings of approxi-
mately 0.335 nm and 0.229 nm were observed. The lattice spacing of
0.335 nm can be attributed to the (140) crystal plane of orthorhombic
BisMoOg, which is consistent with previous reports [51]. Consequently,
the spacing of 0.229 nm corresponds to the (111) plane of metallic Ag.
This is further supported by the appearance of darker contrast regions,
which are due to their higher atomic number [52]. Notably, lattice
fringes corresponding to anatase TiO5 (101), which are usually ~0.350
nm, were not distinctly observed in the selected regions. This may be
caused by the high dispersion of TiO,, the dominant component of the
NC coating, and the Bi;MoOg nanoplates, leading to lattice signal
overlap or a preferential orientation that favors the visibility of the (140)
planes [51]. Moreover, the corresponding selected area electron
diffraction (SAED) pattern exhibited a series of concentric diffraction
rings with discrete bright spots (Fig. 3c). This indicates that ABMOT NCs
possess a polycrystalline structure. These diffraction rings can be
attributed to the overlap of individual components in the ternary NC, as
is commonly reported in the literature [52,53]. The spotty nature of the
rings further suggests the presence of nanocrystalline domains with
random orientations, providing a high density of active sites for pho-
tocatalytic reactions. The overall observations in the HRTEM and SAED
images are consistent with the crystalline phases identified in the XRD

Table 2

Elemental composition of ABMOT NC.
Elements Mass (%)
Ti 52.00 + 0.26
(0] 30.23 £0.13
Ag 2.97 + 0.08
Bi 10.87 + 0.16
Mo 3.93 £ 0.08
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Fig. 3. (a) TEM images of ABMOT, (b-c) HRTEM images of ABMOT, and (d) SAED image of ABMOT.

analysis.

The surface elemental composition and chemical states of the green
synthesized ABMOT ternary NC were investigated using XPS. As shown
in the survey scan (Fig. 4a), the characteristic peaks of Bi 4f, Mo 3d, Ti
2p, Ag 3d, and O 1 s are clearly identified. This confirms the successful
integration of all three components of TiO3, BioMoOg, and AgNPs within
the heterojunction, thus supporting claims from characterizations via
EDX, XRD, and FTIR. To further identify the chemical states of each
element, high-resolution XPS spectra were recorded for each (Fig. 4b-f).
As shown in Fig. 4b, the O 1 s peaks are deconvoluted into two promi-
nent peaks, which correspond to lattice oxygen (Oy) peaks from Mo—O
at 528.1 eV and oxygen vacancy (Oy) peaks from Ti-O-Ti/Bi-O peaks at
529.8 eV. This observation is consistent with findings from previous
studies [51]. The presence of Oy, resulting from the interaction between
TiO4 and BisMoOg, indicates a higher electron density, which is bene-
ficial as it can serve as electron traps that facilitate efficient charge
separation [52]. The Ti 2p spectrum (Fig. 4c) displays dominant peaks at
458.8 eV and 464.4 eV, corresponding to Ti 2p3,, and Ti 2p; /, states of
Ti** in the TiO, lattice [53]. Interestingly, the slightly deconvoluted
shoulders at lower binding energies at 456.9 eV and 462.8 eV indicate
the presence of Ti>" species. The existence of Ti>" is inherently linked to
the formation of oxygen vacancies as observed in O 1 s spectra [52].
Similarly to TiO9, peaks of Bi 4f (Fig. 4d) show the position of Bi 4f7/
(157.9 eV) and Bi 4f5,5 (163.2 eV) corresponding to Bi®" within the
BisMoOg lattice [51]. The deconvoluted peaks at lower energies are
attributed to Bi®* surface species in a more electron-rich environment
near the heterojunction interface, possibly due to interactions with Ag
[54]. Unlike the sharp doublets observed in Bi 4f and Ti 2p, the Mo 3d
spectrum (Fig. 4e) appears as a broad, complex envelope. This lack of
prominent peak splitting can be attributed to multiple oxidation states
and significant electronic perturbations at the heterojunction interface.
While the peaks at 232.5 eV and 235.6 eV correspond to the standard
3ds/2 and 3ds/y states of Mo®* in BisMoOg, the spectrum is heavily
influenced by a prominent deconvoluted peak at 230.9 eV,

which is induced by the strong interactions between BixM0Og and Ag
[55]. Moreover, the peaks of Ag 3d at 368.1 eV and 374.1 eV (Fig. 4f)
suggest the dominant presence of metallic Ag®. In the ternary system, Ag
acts as a strong electronic mediator, thus transferring electron density

towards the Mo centers. This accumulation of charge causes Mo 3d
binding energies to shift and overlap, masking the traditional clean
doublet splitting of Mo®" states [55]. Therefore, the aforementioned
characterizations confirm the successful green synthesis of the ternary
ABMOT comprising TiO, BioMo0Og, and AgNPs.

3.1.2. Optoelectrical properties

Optical properties of TiOg, BisM0QOg, BioM00Og/TiO2, and ABMOT
were determined through UV-DRS analysis as depicted in Fig. 5a and b.
Bandgap values were determined via the Tauc plot method [51]. The
following equation was employed:

(ahw)/" = A(hv — Ey) 5

where hv is the photon energy, A is the proportionality constant, Eg
refers to the energy bandgap, a refers to the absorption factor, and n is
the transition-specific exponent, where n = 2 for indirect allowed
transitions and n = 1/2 for direct allowed transitions. In this case, both
TiO4 and Bi;MoOg are treated as direct allowed transitions in the plot of
(ahv)™™ against hv to determine their respective apparent bandgap
energies, as reported in the literature [56].

Pure TiO2 showed a sharp absorption edge at around 400 nm with a
bandgap of 3.00 eV, confirming that it mainly absorbs UV light. In
contrast, Bi2MoOg exhibited a broader absorption up to about 470 nm
and a narrower bandgap of 2.60 eV, consistent with its known ability to
absorb visible light. The Bi-MoOg/TiO2 binary composite displayed
improved absorption between 300 and 450 nm, indicating effective
heterojunction formation that enhances charge separation and broadens
the absorption spectrum. Notably, the Ag/Bi-2MoOg/TiO3 NC exhibited
the highest absorption intensity, with a broad band extending beyond
500 nm. This improvement is mainly due to the localized SPR effect of
AgNPs, which strengthens local electromagnetic fields and extends light
absorption into the visible range [51,57]. Additionally, the contact be-
tween AgNPs and TiO,, as well as BioMoOg, facilitates the formation of
Schottky junctions. Overall, the composites exhibit extended visible
light absorption rather than a well-defined bandgap transition.

These optical properties provided insight into the electronic transi-
tion within the ABMOT heterojunction. The bandgap narrowing and the
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Fig. 4. (a) XPS survey spectrum of ABMOT NC and high-resolution XPS spectra of (b) O 1 s, (c) Ti 2p, (d) Bi 4f, (e) Mo 3d, and (f) Ag 3d.

increase in visible light absorption indicate a synergistic interaction
among the three components of the NC. Given the work function of Ag,
which is roughly 4.26 eV and lower than the conduction band (CB)
levels of TiO5 and BisMoOg, a potential barrier forms at the interface
[58]. This Schottky barrier acts as a directional sink for excited elec-
trons, trapping them on the Ag surface [59]. Consequently, the AgNPs
serve as electron mediators within the ternary heterojunction, thereby
explaining changes in electron band structures. This energy-level ar-
chitecture allows the ABMOT system to utilize a broader range of the
spectrum, extending into the visible spectrum compared to bare TiO5.
To further validate the charge-separation efficiency and the recom-
bination rate of photogenerated electron-hole pairs, PL spectroscopy
was also conducted, as shown in Fig. 6. The highest emission intensity
was observed in pristine TiO», indicating a high rate of spontaneous
electron-hole recombination, which limits its photocatalytic potential.
Consequently, a progressive quenching of the PL emission signal is a
hallmark of Type-II heterojunction formation, where the staggered band
alignment between TiO, and BioMoOg creates a thermodynamic driving
force for electrons and holes to migrate in opposite directions [60].

Following this, the addition of Ag to the overall ternary ABMOT system
exhibits the lowest PL intensity, indicating a dramatic reduction in
recombination compared to both unary and binary counterparts.

This substantial quenching in the ABMOT system provides physical
evidence of the sufficient transition in the electronic states of the NCs as
previously observed from the UV-DRS and Kubelka-Munk plot analyses.
While the UV-DRS data confirms bandgap narrowing and the SPR effect
of AgNPs, the PL results confirm that these captured photons are effec-
tively translated into long-lived charge carriers. This further confirms
the role of AgNPs in forming a Schottky barrier and functioning as a
directional sink that traps electrons migrating from the CBs of TiO, and
BisMoOg [60]. By physically separating electrons on the Ag surface from
holes in the semiconductor valence band (VB), the ternary architecture
suppresses radiative recombination pathways. This synergistic rela-
tionship ensures that the improved visible-light absorption, quantified
by bandgap values, directly contributes to a higher density of available
reactive species during photocatalysis.
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Fig. 6. PL of TiO,, BioM0Og/TiO, and ABMOT ternary NC.
3.2. Photocatalytic evaluation of Ag/BisMoQg/TiO2

3.2.1. Effect of dosage

Further investigation was carried out to determine the optimum
dosage of ABMOT in degrading OTC under visible light for over 120 min
(Fig. 7). Varying catalyst loadings of 0.3 g/L, 0.6 g/L, and 1.2 g/L were
tested to evaluate the effect of catalyst dosages on the degradation
process (Fig. 7a). An increase in catalyst dosage from 0.3 g/L to 0.6 g/L
enhanced the photocatalytic degradation of OTC from 88.3% to 97.2%
for ABMOT. However, when the dosage was increased to 1.2 g/L, a slight
reduction in OTC degradation was observed for ABMOT, to 91.8%. This
indicates that exceeding the optimal catalyst loading could saturate the
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photocatalyst surface, thereby lowering the overall removal efficiency.
Although increasing the photocatalyst dosage up to a certain level can
increase the number of reactive sites for photocatalysis, excessive
loading could diminish the total surface area available for pollutant
adsorption [61]. Increasing the catalyst dosage beyond its optimal level
can also increase opacity and light scattering, which, in turn, reduces the
number of photons that can penetrate the catalyst surface, a crucial
factor in initiating photocatalytic reactions [62]. Notably, ABMOT also
exhibited strong adsorption during the dark phase, likely due to abun-
dant hydroxyl groups and the layered structure of Bi;MoOg as observed
in FTIR and SEM analysis. This results in an abundance of surface-active
sites and facilitates stronger interactions with OTC molecules prior to
visible-light irradiation [63]. The stronger initial adsorption of ABMOT
increases pollutant concentration near active sites, thereby enabling
higher degradation of adsorbed OTC on the surface of the ABMOT NCs.
Therefore, the optimal dosages for both ternary photocatalysts were
determined to be 0.6 g/L and were chosen for further study.

3.2.2. Effect of OTC concentration

The effect of initial OTC concentration (10-20 mg/L) at a fixed
dosage of 0.6 g/L was evaluated for both ternary NCs (Fig. 7b). Minimal
changes were observed as the concentration increased from 10 to 15
mg/L for ABMOT, with the degradation rate decreasing slightly from
97.2% to 93.5%. Even at 20 mg/L, ABMOT maintained a relatively high
degradation efficiency of 85.9%. The reduced photodegradation rate
with increasing OTC concentration could be due to excessive OTC
loading on the photocatalyst surface, coupled with the accumulation of
intermediates that hinder active sites and thereby suppress ROS for-
mation. A similar finding was also observed in a previous study
involving the degradation of tetracycline hydrochloride by using
BipMoOg/TiO9-based photocatalyst, whereby the degradation efficiency
declined from ~87.5% to 20.0% with the increasing initial concentra-
tion from 10 mg/L to 30 mg/L [64]. Furthermore, the dark adsorption
phase also revealed a notable trend for ABMOT at varying OTC con-
centrations. A decrease in degradation rate was observed, particularly
when the concentration was increased to 20 mg/L, further proving that
the layered structure of BioMoOg and its higher hydroxyl density enable
strong adsorption, allowing better removal of OTC even at high con-
centrations. Hence, the optimal initial concentration for OTC degrada-
tion was set to 10 mg/L (Fig. S3).

3.2.3. Photocatalytic kinetic analysis

The photocatalytic degradation kinetics of OTC over the prepared
photocatalyst were evaluated using the pseudo-first order kinetic model,
which is expressed as:

In (%’ > =kt (6)

where C, and C; represent the initial and time-dependent concentra-
tions, while k is the apparent rate constant and t is the time. A linear plot

of In (% ) against t was plotted for TiOy, binary BixMoOg/TiO,, and

ternary ABMOT (Fig. S4). Overall, the degradation process follows
pseudo-first-order kinetics. This behaviour is consistent with typical
heterogeneous photocatalytic systems under low pollutant concentra-
tions, where the Langmuir-Hinshelwood model simplifies a pseudo-first-
order expression. Similar heterojunction systems have reported similar
trends in the fitting of the kinetic model [51,65].

The calculated apparent rate constants, k, were 2.7 x 1072,5.7 x
1073,5.0 x 1074 for ABMOT, BioMoOg/TiO,, and TiO,, respectively.
Among them, ABMOT exhibited the highest reaction rate, which is 2.2
times higher than that of binary Bi;MoOg/TiO3 and 25 times higher than
TiO4 alone, clearly demonstrating the synergistic effects of introducing
Ag. Additionally, the correlation coefficients (R?) for ABMOT, BisMoOg/
TiO,, and TiOy were 0.9677, 0.9354, and 0.898, respectively, which
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Fig. 7. Effect of (a) catalyst dosage and (b) initial pollutant concentration on the photocatalytic degradation of OTC.

confirm that the pseudo-first-order model adequately describes the re-
action kinetics, with ABMOT showing the best linearity. This indicates a
more consistent and controlled degradation process compared with its
binary and unary counterparts. The performance of the POME-derived
ABMOT is comparable to that of similar perovskite/metal oxide-based
systems, confirming the overall effectiveness of the material fabrica-
tion in producing a ternary NC with an enhanced photocatalytic reaction
rate and ability [65,66].

3.2.4. Recyclability and stability study

A recyclability study was conducted to assess the efficiency of the
ABMOT ternary NC in degrading OTC over 4 consecutive cycles (Fig. 8).
Photocatalyst stability is of utmost importance, as it determines scal-
ability for larger industrial applications that require cost-effective pro-
cesses. The recyclability study was performed under optimized
conditions, using an ABMOT dosage of 0.6 g/L to treat 10 mg/L OTC for
120 min under visible-light irradiation. After 4 consecutive cycles, the
degradation efficiency of ABMOT decreased only slightly, from 97.2% to
93.5%.

The high stability of ABMOT across consecutive cycles is primarily
attributed to its ternary heterojunction structure (as evidenced by
HRTEM analysis), which promotes efficient charge separation and sup-
presses electron-hole recombination. Similar behaviour has been
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Fig. 8. Photocatalytic degradation of OTC by ABMOT after four cycles.
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observed in heterogeneous metal oxide/perovskite systems of TiOy/
CeFeOs, where enhanced interfacial charge transfer contributes to sus-
tained photocatalytic activity over repeated cycles [65]. Similarly,
BisMoOg/TiO; systems in this study exhibit enhanced charge-transfer
dynamics, as evidenced by PL characterization. Additionally, with Ag
acting as an electron sink, the ternary heterojunction structure is further
stabilized, thereby maintaining consistent ROS generation. This is
essential for the continuous degradation of pollutants. In fact, past
studies that utilized metal oxide/perovskite heterojunctions such as
Zn0/CuCo204, TiO2/YMnO3 and LaCeO3/CuO all exhibit similar trends
of enhanced catalyst stability during continuous degradation cycles of
malachite green (MG), with reductions of less than ~8.0% [67-69]. A
summary of the recyclability performance of ABMOT, compared with
NCs from past studies, is presented in Table 3. Overall, these results
confirm that the ABMOT ternary NC possesses excellent reusability,
structural stability, and resistance to deactivation, highlighting its
strong potential for practical wastewater treatment applications.

Nevertheless, to provide better insight into the overall stability of the
ABMOT NC, the environmental stability of ABMOT was further evalu-
ated in river and lake water matrices spiked with OTC to simulate
realistic treatment conditions (Figs. 9a and 9b). A slight reduction in
degradation efficiency was observed compared with distilled water,
with the order: distilled water (93.57%) > river water (90.67%) > lake
water (84.81%). The marginal decline in degradation rates is mainly due
to the presence of dissolved ions, natural organic matter, and suspended
matter in natural waters, which may compete for active sites or act as
scavengers for ROS [70]. Nevertheless, retention of degradation rates
above 80% across all samples further demonstrates that the ternary
heterojunction maintains strong structural integrity and photocatalytic
functionality even under complex environmental conditions.

Furthermore, COD analysis confirmed the mineralization capabilities
and stability of ABMOT (Fig. 9c¢). Significant reductions in COD were
achieved across all matrices, decreasing from 499.2 to 96.0 mg/L for
distilled water, 576.0 to 192.0 mg/L for river water, and 729.6 to 268.8
mg/L for lake water, respectively. This reveals the oxidative degradation
of OTC and its intermediates. Despite COD removal being slightly lower
in lake water in comparison to the other water matrices, the overall
mineralization performance remained high across the different matrices.
This indicates sustained generation of oxygen species and resistance to
catalyst deactivation in real water systems [71].

Potential Ag leaching was also assessed by antibacterial testing of the
recycled NCs over 4 consecutive cycles against both S. aureus and E. coli
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Table 3
Comparison of NCs recyclability potential.
Catalyst Synthesis method Pollutant Cycles First cycle removal (%) Final cycle removal (%) Ref.
Ag/BisM00g/TiOy Green microwave-assisted synthesis OTC 4 97.2 93.5 This study
TiO,/CeFeO3 Green sol-gel synthesis MG 4 95.3 89.5 [65]
YMnOg3/TiOy Green synthesis MG 5 95.3 86.6 [67]
Zn0O/CuCoy04 Green sol-gel synthesis MG 5 93.0 81.0 [68]
LaCeO3/CuO Green synthesis MG 3 92.8 88.8 [69]
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Fig. 9. (a-b) Removal of OTC in different water matrices, and (c) COD mineralization rate of OTC in different water matrices.

(Fig. 10). The inhibition zones remained relatively consistent across all
cycles, with no systematic decline in antibacterial activity. This obser-
vation suggests that Ag species remained firmly anchored within the
ABMOT matrix, with negligible dissolution during repeated photo-
catalytic operations [72]. Collectively, these findings confirm that
ABMOT exhibits robust environmental durability with sustained cata-
lytic performance, hence supporting its suitability for practical waste-
water treatment.

3.3. Scavenger study and mechanistic insight

The superior photocatalytic performance of ABMOT ternary NCs is
fundamentally rooted in their optimized electronic band structure and
efficient charge separation, as confirmed by UV-DRS and PL character-
ization. To determine the CB and VB of the semiconductor materials,
these equations were employed to calculate their respective potentials
[571:

Eys =y —E° +0.5E, %)

Ecg = Eyp —E; ®
where Eyp and Ecgp are the edge potentials for the valence and conduc-
tion bands, E® corresponds to the energy of a free electron, which is
specified as 4.5 eV, Eq are the bandgap energies of the materials, and y is
the Mulliken electronegativity of the semiconductor materials, which is

11

+5.81 eV and + 5.08 eV for TiO3 and BioMoOg, respectively.

Hence, the CB and VB positions for TiO; were determined to be
—0.19 eV and + 2.81 eV, respectively, while BioMoOg exhibited a more
negative CB at —0.72 eV and a more positive VB at +1.88 eV [73,74].
Upon visible light irradiation, it would be assumed that the photo-
generated electrons are excited to the CB of both semiconductors, and
the potential gradient drives electrons from the CB of BizMoOg to that of
TiO4, which typically describes a Type-II heterojunction. However, the
interfacial charge-transfer mechanism in ABMOT is better described as a
direct Z-scheme heterojunction rather than the conventional Type-II
system, as previously deduced from optoelectronic characterization.
This is further supported by the strong superoxide-scavenging activity
observed in the scavenger study [75].

The incorporation of AgNPs further reinforces this Z-scheme archi-
tecture, as Ag forms Schottky junctions with TiO, and Bi;MoOg, serving
as an electron mediator that facilitates rapid interfacial recombination
between TiO; electrons and BiMoOg holes while simultaneously trap-
ping high-energy electrons [53]. Additionally, the SPR effect of Ag en-
hances visible light absorption and promotes carrier excitation. Radical
scavenging experiments (Fig. S5) corroborate this mechanism as the
addition of p-benzoquinone (p-bzq) significantly suppresses degradation
efficiency, confirming that superoxide radicals (¢O5 ™) are the dominant
reactive species, whereas methanol (MeOH) indicates a secondary
contribution from hydroxyl radicals (HOe). Collectively, the direct Z-
scheme heterojunction, coupled with Ag-mediated electron transfer,
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accounts for the superior photocatalytic activity and strong redox ca-
pabilities of ABMOT NCs (Fig. 11).

This observation is consistent with ROS-based mechanistic studies in
which p-benzoquinone, isopropanol, and ethylenediaminetetraacetic
acid were employed as e0,~, HOe, and h' scavengers, respectively. In
similar perovskite/metal oxide heterojunction systems, the suppression
of photocatalytic activity upon the addition of p-bzq indicates that €Oy~
radical is the dominant reactive species [66,69]. Notably, green-
synthesized LeCeO3/CuO has demonstrated that coupling a wide-
bandgap perovskite with a narrow-bandgap metal oxide enhances ROS
generation by improving charge separation and forming an S-scheme
heterojunction [69]. Similarly, CuBi3O3/CuO heterostructures exhibit
enhanced visible-light absorption and promoted ¢O-" generation due to
synergistic interactions between p-type semiconductors, thereby
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Fig. 11. Schematic illustration of the photocatalytic mechanism of ABMOT
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facilitating efficient pollutant degradation [66]. These findings closely
parallel the behaviour observed in the ABMOT system, where the inte-
gration of Ag, Bi2MoOe, and TiO: constructs an effective Z-scheme het-
erojunction. This configuration enables the retention of highly reductive
electrons and strongly oxidative holes, thereby maximizing the gener-
ation of 02" and HOe radicals that drive the photocatalytic degradation
of OTC. Collectively, this highlights the critical role of rational hetero-
junction design in optimizing charge-carrier dynamics and ROS pro-
duction, ultimately enhancing photocatalytic performance. A summary
of the photocatalytic mechanism can be seen in (Egs. 10-15):

TiO2 + hVyis— € ri0,) + Moprio,) (C)]
BisMoOs + hvyis—e€.yi,m00) T h;rb(BizMoOS,) (10)
€ep(1io,) T h:/rb(BizMooé) y—~heat an
b (BipMoogs) A8 12)
€ (Bippoog) T 02— @ 027 (13)
hyrio,) + H20~HO © +h* 14)

0, or HO e + OTC—intermediates—CO, + H,O + mineralized products
(15)

3.4. Antibacterial properties of Ag/BioMoOg/TiO2

The antibacterial activity of ABMOT was evaluated against the
Gram-negative E. coli and the Gram-positive S. aureus using the disk
diffusion method. Antibacterial activity was evaluated by measuring the
zone of inhibition (ZOI) induced by the photocatalyst (Fig. 12). ABMOT
was compared with its unary and binary counterparts at a fixed con-
centration to assess antibacterial activity. For unary and binary samples
of TiO, BizMo0Og, and BizMoOg/TiO2, no measurable ZOIs were
observed, suggesting negligible antibacterial properties. These results
corroborate previous studies on NCs containing TiO2 and BizMoOg,
without other metal-based dopants or oxides in the ternary photo-
catalyst matrix [76,77]. The main reason for this observation is the non-
toxicity of Ti-, Bi-, and Mo-based oxides. In most cases, the antibacterial
activity of Ti-, Bi-, and Mo-based metal oxides arises from the generation
of reactive species that damage cells. However, in the disc diffusion
method, the absence of light significantly dampens the antibacterial
activity.

The presence of Ag in ABMOT produced clear ZOIs, confirming
antibacterial activity induced by the AgNPs within the composite ma-
trix. Ag is known to exhibit antibacterial properties due to the dissolu-
tion of Ag+ ions, which readily attack microbial cell membranes [78].
Increasing the Ag dosage from 1% to 10% enhanced the ZOI, with
ABMOT showing an increase from 6.23 + 1.05 mm to 13.68 & 0.36 mm
against E. coli (Fig. 12a). In the case of S. aureus, increasing Ag content in
ABMOT yielded similar results with an increase in ZOIs from 7.35 +
0.66 mm to 10.31 + 1.07 mm (Fig. 12b). These results suggest that the
antibacterial activity is predominantly driven by AgNPs, which likely
enhance oxidative stress and disrupt bacterial cell membranes, thereby
disrupting essential cellular functions and leading to cell death [79,80].
Additionally, the antibacterial mechanisms of the two ternary compos-
ites differ, as reflected in their distinct ZOIs.

Moreover, a study on the effect of catalyst dosage on antibacterial
activity was conducted to determine the optimal dosage for bacterial
inhibition (Fig. 13). Increasing catalyst dosage led to larger ZOlIs.
However, the ZOI against gram-negative E. coli began to decline once the
dosage exceeded 6 g/L, although the ZOI increased to 10 g/L (Fig. 13a).
This could be attributed to saturation of interactions between the
nanomaterials and bacterial cells. On the contrary, when similar con-
ditions were conducted with gram-positive S. aureus, a proportional
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more effective disruption of bacterial activities, as gram-negative bac-
teria possess a thicker peptidoglycan layer compared to gram-positive
bacteria [81]. From a collective perspective, the overall photocatalytic
performance and antibacterial activity of ABMOT are promising for
applications in water treatment and disinfection.

3.5. Application with PAN membrane

3.5.1. Characterization of Ag/BizMoOg/TiO2@PAN

To investigate the physicochemical changes upon NC incorporation,
FTIR analysis was employed to evaluate the chemical interactions and
the retention of functional groups of the NCs within the membrane

Materials Science & Engineering B 330 (2026) 119520

matrix. Comparison between bare PAN membranes and ABMOT@PAN
was carried out within the range of 400-4000 cm™, as observed in
Fig. 14a. All samples displayed characteristic PAN absorption bands,
including the strong nitrile (-C = N) stretching at ~2242 cm ™!, and
bending vibrations of G—H at ~1450 cm™!. Upon integration of
ABMOT, slight shifts and changes in transmittance intensity were
observed in the regions around 1630 cm™! and 1000-700 cm™!. These
alterations suggest interactions between the PAN polymer chains and
surface functionalities of the NCs [82]. For instance, the broadband
around 3400 cm ™}, associated with O—H bending, showed enhanced
intensity in the ABMOT@PAN samples, possibly due to increased sur-
face hydroxylation from the incorporated metal oxides. In the

(@) (b)
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Fig. 14. (a) FTIR spectra of pristine PAN and ABMOT@PAN membranes, (b) EDX spectra and elemental mapping of ABMOT@PAN membrane, and SEM micrograph
for membrane surface and cross section of (c-d) PAN, (e-f) ABMOT@PAN (1%), and (g-h) ABMOT@PAN (2%).
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fingerprint region (~700-1000 cm™!), additional features may corre-
spond to stretching vibrations of metal-oxygen (M-O) bonds from
Bi—O, Mo—O, Ti—O, or Ag—O linkages, further supporting successful
NC integration. This result confirms chemical interactions between NC
and PAN within the NC-membrane matrices, thereby validating the
incorporation of ABMOT into PAN membranes.

Additionally, ternary NC incorporation into the PAN membrane was
validated using SEM-EDX analysis (Figs. 14b-d). The bare PAN mem-
brane exhibited a relatively smooth and featureless surface, character-
istic of pristine PAN prepared via phase inversion, with no visible
particulate deposits or irregular surface structures (Fig. 14c). This
smoothness indicates a uniform polymer film formation in the absence
of NC additives [83]. The 1 wt% ABMOT@PAN membrane resulted in a
noticeably more textured surface with fine granules distributed across it,
suggesting that the NC particles were successfully embedded within and
partially exposed on the membrane surface (Fig.14d). Increasing the NC
loading to 2 wt% further intensified the observed surface texturing. The
2 wt% ABMOT@PAN membrane surfaces appeared even more irregular,
with a combination of textured wave-like features and larger exposed
particle clusters (Fig. 14e).

Moreover, a distinct morphological evolution in each membrane
cross-section was also observed as the ABMOT concentration increased
in the mixed-NC membrane matrix. While pristine PAN membranes
displayed a compact structure (Fig. 14d), the introduction of 1% wt
ABMOT into the membrane matrix resulted in a transition towards a
more sponge-like porous network as observed in Fig. 14f). This was
likely caused by the slight increase in the casting solution viscosity at
low NC loading, which hinders the rapid penetration of water leading to
a delayed demixing process by hindering the rapid exchange between
the DMSO solvent and the water coagulant [84].

Interestingly, at 2% wt loading (Fig. 14h), the cross-section reveals
the emergence of a more finger-like microporous structure extending
from the top surface into a sponge-like sublayer. This transition suggests
that at higher NC concentration, the inherent hydrophilicity Ag,
BisMo0Og, and TiOy from the ternary NC systems begins to override the
viscosity effect of NC loading. The presence of metal oxide functional-
ities, especially TiO2 and Bi;MoOg, as indicated by the OH- stretching in
FTIR spectra at ~3400 cm ™!, promoted the rapid influx of water coag-
ulant during the phase inversion process. This accelerated instantaneous
demixing facilitates the formation of elongated macrovoids. The pres-
ence of a sponge-like sublayer is often associated with superior me-
chanical properties compared to finger-like structures, which is crucial,
as it also enhances overall membrane lifespan [85]. Furthermore, EDX
elemental mapping verified the presence of each element in both
ABMOT@PAN NC membranes (Fig. 14b).A summary of the elemental
composition is tabulated in Table 4. The absence of some elements, Ag
and Bi, within ABMOT@PAN membranes is attributed to the low
amount of NCs compared to the mass of PAN in the NC-membrane
matrix [86]. Nevertheless, trace amounts are still detected in the sys-
tem, validating the sequence of NC incorporation.

Further evaluation of the membrane porosity was also done via the
gravimetric method to determine the influence of incorporating ABMOT
ternary NCs on the internal void volume of the PAN membrane matrix.
As summarized in Table 5, the overall porosity of the membranes

Table 4

Elemental  composition of ABMOT@PAN

membrane.
Elements Mass (%)
Ti 0.24 £+ 0.04
o 2.92 + 0.05
Ag Not detected
Bi Not detected
Mo 2.45 + 0.06
C 72.45 £ 0.07
N 21.94 £ 0.17
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Table 5
Porosity and water contact angle of PAN, 1% ABMOT@PAN, and 2%
ABMOT@PAN.

Membrane Membrane Characteristic
Porosity (%) Water Contact Angle (°)
PAN 87.42 + 5.76 57.15 + 2.00
1% ABMOT@PAN 89.36 + 1.40 45.49 + 3.02
2% ABMOT@PAN 90.54 + 0.47 48.49 £+ 0.33

increased from 77.76% for the pristine PAN membrane to 89.36% and
90.54% for the 1% wt and 2% wt ABMOT@PAN membranes, respec-
tively. This progressive increase in porosity can be linked to the
morphological transition observed in the SEM cross-section, which is
mainly driven by the instantaneous demixing mechanism during phase
inversion as previously discussed. The hydrophilic nature of the ternary
NC components accelerates the exchange between DMSO solvent and
the water coagulant [87]. This causes expansion of the polymer network
and formation of the elongated, finger-like macrovoids observed in the
SEM, as previously discussed.

The shift in membrane porosity is a critical structural precursor to
the membrane's permeation capabilities. While hydraulic permeability
is highly sensitive to porosity, according to the Hagen-Poiseuille rela-
tionship, a highly porous structure with up to 90.54% porosity exhibits a
non-linear reduction in hydraulic resistance by creating high-flux
pathways for effluent [88]. Additionally, while the difference in
porosity between 1% wt NC and 2% wt NC may appear subtle, it still
indicates a more interconnected pore network that minimizes dead-end
channels. The hierarchical architecture, which combines a porous,
finger-like top layer with a spongy sublayer for mechanical support,
ensures maximum permeability without sacrificing structural integrity
[88].

Finally, the surface wettability of the membranes, a critical factor
influencing permeation flux, was quantitatively assessed using water
contact angle (WCA) measurements. As shown in Fig. 15, the pristine
PAN membrane exhibited a WCA of 57.17°. When 1% wt ABMOT NC
was loaded, the WCA showed a decrease to 45.48°, which indicates a
substantial enhancement in the surface hydrophilicity. Interestingly, at a
higher loading of 2% wt ABMOT NC, the WCA slightly increased to
48.49°. Regardless, it was still considerably lower than that of the
pristine PAN membranes. The initial sharp decline in WCA at 1% wt
loading is consistent with the transition to a sponge-like porous network,
which increases the effective surface area for water interaction.
Following this, the slight increase in contact angle observed with 2% wt
loading can be attributed to changes in surface topography. As NC
loading increases, larger particle clusters and wave-like features can trap
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microscopic pockets of air. This phenomenon is often described by the
Cassie-Baxter model, which can slightly offset the hydrophilic gains
provided by the chemistry of NC [89]. Nevertheless, both NC loading
percentages show a reduction in WCA, indicating that enhanced hy-
drophilicity works in tandem with high porosity to facilitate rapid water
infiltration through the finger-like macrovoids, ensuring high perme-
ability. A summary of the WCA is also provided in Table 4.

3.5.2. Permeation test of ABMOT@PAN

Pure water flux (PWF) analysis was conducted to evaluate the
permeability of bare PAN and ABMOT-integrated PAN membranes
(Fig. 16a). The bare PAN membrane exhibited the lowest flux value of
129.17 L-m~2-h ™}, which is consistent with its relatively smooth texture
and lower porosity as shown in the characterization of the membranes.
Incorporating ABMOT into the PAN matrix led to a consistent
enhancement in PWF. At a loading of 1 wt%, the ABMOT@PAN mem-
brane achieved a flux of 144.39 L-m~2h™! and even reached 163.48
L-m~2h! at 2 wt% loading. The observed enhancement of the PWF is
directly supported by the structural evolution as depicted in the cross-
section SEM and the gravimetric analysis of the membranes. The tran-
sition from a compact structure to a more porous matrix with finger-like
macropores significantly reduced the hydraulic resistance. Furthermore,
a reduced water contact angle enables faster wetting and infiltration,
thereby providing a more efficient pathway for water transport within
the membrane matrix [90].

The rejection rate testing (Fig. 16b) showed that the bare PAN
membrane had the lowest OTC removal efficiency at 44.88%. whereas
the integration of 1% wt and 2% wt ABMOT NCs significantly bolstered
the rejection factor up to 72.30% and 85.69%, respectively. With respect
to each membrane's characteristics, the OTC rejection mechanism in
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these NC incorporated membranes is mainly governed by a synergistic
combination of size exclusion and surface-mediated interactions. Firstly,
the morphological transition from a sponge-like porous network to a
hierarchical finger-like macrovoid structure with a specialized pore
channel (as seen in Fig. 14h) enhances the physical sieving effect. While
the overall porosity increased, the successful embedding of ABMOT NCs
within the polymer matrix, as confirmed by EDX elemental mapping,
likely narrows the effective pore neck size or increases the tortuosity of
the separation layer, effectively trapping OTC molecules through size
exclusion. Secondly, the hydroxyl groups and metal-oxygen sites in
ABMOT NCs provide active sites for electrostatic interactions and
hydrogen bonding. This increases the adsorption-based retention of
contaminants during filtration [91,92]. The combined effects of size-
exclusion and surface-interaction mechanisms increase the efficiency
of OTC rejection.

Although these evaluations were conducted strictly under non-
photocatalytic filtration conditions, the significant boost in rejection
efficiency proves that the incorporation of ABMOT NCs provides both
structural and physicochemical modifications that enhance the mem-
brane's affinity towards OTC. The evolution of the membrane's surface
and cross-sectional morphology, wettability, and porosity all contribute
to maximized retention potential. This strong rejection performance,
coupled with relatively high porosity and hydrophilicity, positions the
complex ternary ABMOT NCs as sufficiently compatible for incorpora-
tion into advanced PAN membrane matrices. Ultimately, the successful
harmonization of robust physical rejection with the inherent photo-
catalytic potential of ABMOT systems underscores the viability of using
sustainable, multi-component heterojunctions for next-generation
advanced wastewater remediation technologies.

4. Conclusions

A ternary ABMOT NC was successfully fabricated using a combina-
tion of sol-gel, green hydrothermal synthesis, and microwave-assisted
deposition methods. Comprehensive structural, morphological, and
optical analyses (FTIR, XRD, SEM-EDX, TEM, XPS, PL, and UV-Vis DRS)
confirmed the formation of a well-integrated and stable heterojunction
system, in which TiO,, Bi;MoOg, and plasmonic Ag nanoparticles are
intimately coupled. This hierarchical integration enhanced visible-light
absorption and efficient charge separation, arising from the synergistic
interfacial interactions between BioMoOg and TiO, and from the SPR
effect of Ag. The photocatalytic performance evaluation revealed that
ABMOT exhibited exceptional OTC degradation under visible-light
irradiation, maintaining high efficiency across a wide range of
pollutant concentrations. The structural robustness of the ternary het-
erojunction was further evidenced by its excellent stability over four
consecutive cycles, with only marginal loss of activity, highlighting the
material's durability. In parallel, antibacterial studies revealed that
incorporating AgNPs endowed ABMOT with potent activity against
E. coli and S. aureus, whereas the unary and binary counterparts
exhibited negligible inhibition, demonstrating the unique contribution
of Ag. Beyond powder-based applications, ABMOT was successfully
immobilized within PAN membranes, extending its functionality into a
hybrid photocatalytic-separation platform. The resulting ABMOT@PAN
membranes showed enhanced hydrophilicity, increased water flux, and
markedly improved OTC rejection relative to pristine PAN membranes.
Importantly, even in the absence of light activation, incorporation of the
NC altered membrane morphology and created additional adsorption
and interaction sites, indicating that the advanced ABMOT material
retains its intrinsic structural and interfacial properties upon integration
into a solid-state membrane architecture, thereby enabling enhanced
separation behaviour. Collectively, this work provides the first suc-
cessful demonstration of POME-derived precursors for synthesizing a
complex ternary NC and integrating it into a functional membrane
system. The findings advance the design of visible-light-responsive
photocatalysts and establish a circular-economy-driven pathway to
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transform agro-industrial waste into high-value materials. These in-
sights are expected to inform the development of next-generation pho-
tocatalytic and membrane-based materials for advanced separation and
environmental technologies.
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