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A B S T R A C T

Emerging antibiotics and microplastics are poorly removed by conventional treatment processes, requiring 
oxidation processes that address both dissolved and particulate contaminants. Hierarchical electrospun TiO2/ 
BiOI nanofibers (TBO1–TBO4; BiOI growth 2–16 h) were engineered for photocatalytic peroxymonosulfate 
(PMS) activation under UV-A (365 nm) and visible light. At pH 7 and 20 ◦C (sulfamethoxazole, SMX, 5 ppm; 
catalyst 0.50 g L− 1; PMS 2.5 mM), TBO3 achieved near-complete, blank-corrected total organic carbon (TOC) 
removal (≥99%) in 120 min under visible light + PMS. For a four-component multipollutant solution (20 ppm 
total), TBO3 reached near-complete TOC removal after blank correction (reported as ≥99%, with residual TOC 
close to the method quantification limit) in 120 min and maintained activity over nine cycles under visible 
light + PMS (≤0.7 %age-point change; leaching below detection), whereas UV-A + PMS decreased to 85.3% by 
cycle 9 with ppb-level leaching. Quenching and probe assays indicate a radical-accessible PMS-assisted oxidation 
network; strong suppression by tert-butanol and methanol supports major •OH-accessible oxidation with a 
sulfate-radical-type contribution. Under visible light (465–470 nm) + PMS, cross-linked polystyrene (PS) 
microplastics (20 ppm solids) underwent surface erosion, cracking, delamination, and fragmentation, accom
panied by release of dissolved/sub-10 μm carbonaceous products in scaled-up tests, supporting partial oxidative 
transformation of particulate microplastics.

1. Introduction

Water pollution remains a persistent environmental and public- 
health challenge because aquatic systems continuously receive com
plex mixtures of contaminants from domestic, agricultural, and indus
trial activities [1]. Among emerging pollutants, antibiotics and 
microplastics raise particular concern due to their persistence, broad 
distribution, and potential to affect both ecosystems and human health 
[2,3]. Antibiotics such as sulfamethoxazole (SMX) are frequently 
detected in wastewater effluents and surface waters at low concentra
tions, where conventional treatment trains can struggle to achieve 
complete removal [4,5]. Beyond their direct effects, residual antibiotics 

contribute to the selection and spread of antibiotic-resistant bacteria, a 
major health risk [6]. In parallel, microplastics (i.e., plastic particles 
smaller than 5 mm) originate from the fragmentation of larger plastics 
and from urban or industrial sources such as synthetic textiles. These 
particles can be ingested by aquatic organisms and transferred along 
food chains, creating additional exposure pathways and complicating 
risk management in water reuse and receiving waters [7,8].

Traditional water treatment technologies, including physical sepa
ration and biological processes, are often insufficient for these con
taminants because microplastics exhibit high physicochemical stability 
and many antibiotics show limited biodegradability [9]. This motivates 
advanced treatment approaches that can transform persistent organics 
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versitat de Barcelona, Martí i Franquès, 1, Barcelona, Catalonia E-08028, Spain.

E-mail address: a.serra@ub.edu (A. Serrà). 
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and mitigate particulate pollutants using scalable and environmentally 
compatible chemistries [10–14]. Advanced oxidation processes (AOPs) 
address this need by generating reactive oxygen species (ROS) capable 
of oxidizing a broad range of organic pollutants, with the ultimate 
objective of extensive oxidation and, in favorable cases, mineralization 
to carbon dioxide, water, and inorganic ions [15–17]. Among AOPs, 
heterogeneous photocatalysis has attracted sustained interest because 
semiconductor catalysts can use light to generate oxidative and reduc
tive equivalents under mild conditions, while avoiding the continuous 
dosing of stoichiometric oxidants [8,18,19].

Photocatalysis relies on photoexcitation of a semiconductor to form 
electron–hole pairs. Upon irradiation, electrons are promoted from the 
valence band (VB) to the conduction band (CB), leaving holes that can 
participate in interfacial redox steps. When charge carriers reach the 
surface before recombination, they can react with adsorbed species and 
dissolved oxygen to produce ROS such as hydroxyl radicals (•OH) and 
superoxide radicals (O2

•− ), which then oxidize organic matter [20,21]. A 
complementary strategy to intensify photocatalytic oxidation is the 
addition of peroxymonosulfate (PMS), which can be activated in pho
tocatalytic systems to generate sulfate radicals (SO4

•− ) [22–25]. The 
concurrent formation of SO4

•− and other ROS expands the oxidative 
landscape and provides multiple reaction pathways for persistent con
taminants, including antibiotics and microplastics [26,27]. Coupling 
photocatalysis with PMS activation therefore offers an additional route 
to intensify oxidative reactions while targeting a higher extent of 
pollutant transformation under practical operating conditions [28,29].

Catalyst design is central to efficient photocatalytic PMS activation 
in realistic water matrices [7,23,30]. Titanium dioxide (TiO2, anatase) is 
widely used due to its chemical stability, low toxicity, and low cost; 
however, its wide band gap (≈3.2 eV) confines light harvesting largely 
to the ultraviolet (UV) region, and rapid electron–hole recombination 
can limit performance [31,32]. Architecture control and semiconductor 
coupling are therefore used to increase accessible surface area, improve 
light utilization, and promote charge separation [33–36]. In this 
context, bioinspired hierarchical fibrous scaffolds offer more than high 
surface area: their multi-length-scale porosity and interconnected fiber 
networks can increase optical path length through multiple scattering, 
improving light utilization while simultaneously providing 
filtration-like transport pathways and abundant interfacial sites [37,38]. 
Here, electrospinning is used to fabricate TiO2-based nanofibers 
assembled into porous mats; importantly, electrospinning is compatible 
with continuous processing, supporting scale-up toward large-area, 
recoverable catalyst mats while preserving nanoscale control over 
morphology [21,39,40]. To extend absorption into the visible region 
and tune interfacial charge transfer, bismuth oxyiodide (BiOI) is inte
grated with TiO2 [28,41,42]. BiOI is a p-type semiconductor with a 
narrow band gap (~1.8 eV), enabling visible-light absorption, and it is 
commonly considered biocompatible and non-toxic, attributes advan
tageous for environmental applications [29,43–46]. When combined 
with TiO2, BiOI can facilitate charge migration and support reactive 
oxygen species generation during PMS-assisted photocatalysis [28,41, 
42].

Despite progress in photocatalysis and PMS-based AOPs, the com
bined treatment of co-occurring antibiotics and microplastics within a 
single photocatalytic PMS-activation platform has received limited 
attention, and the scarcity of recoverable catalyst architectures com
plicates implementation beyond slurry reactors. Catalyst designs that 
simultaneously provide high interfacial area, effective light utilization, 
and practical mass transport are also less common, particularly when 
fabrication must be compatible with scale-up [31,47,48]. Here, bio
inspired hierarchical electrospun TiO2/BiOI nanofiber mats are intro
duced as a multifunctional catalyst format that integrates a porous 
fibrous scaffold in a free-standing geometry suited to handling and 
separation [35,49]. The material is evaluated for PMS-assisted photo
catalytic water decontamination using SMX as a representative anti
biotic, multipollutant solutions, and microplastics as a co-occurring 

particulate pollutant, with the fibrous network designed to support 
interfacial reactions while facilitating transport and catalyst recovery 
[5,21,39]. This study links catalyst architecture and composition to 
mixed-contaminant treatment requirements, providing a single-process 
route that couples oxidative transformation of dissolved organics with 
mitigation of particulate pollutants.

2. Experimental section

2.1. Materials

Polyvinylpyrrolidone (PVP, Mw ≈ 1300,000; Sigma-Aldrich; CAS 
9003–39–8), ethanol (EtOH, 96% v/v; VWR Chemicals; CAS 64–17–5), 
titanium(IV) isopropoxide (TTIP, 97%; Sigma-Aldrich; CAS 546–68–9), 
and acetic acid (AA, 99–100%; VWR Chemicals; CAS 64–19–7) were 
used for electrospinning precursor solutions. For BiOI growth, bismuth 
nitrate pentahydrate (Bi(NO3)3⋅5 H2O, ≥ 98%; Sigma-Aldrich; CAS 
10035–06–0) and potassium iodide (KI, ≥99%; Panreac; CAS 
7681–11–0) were used with ethylene glycol (EG, 99.8%; Sigma-Aldrich; 
CAS 107–21–1). Sulfamethoxazole (SMX; Sigma-Aldrich; CAS 
723–46–6), tetracycline (TC; Alfa Aesar; CAS 60–54–8), levofloxacin 
(LEV, 98%; Alfa Aesar; CAS 100986–85–4), and lansoprazole (LAN, 
>98%; Alfa Aesar; CAS 103577–45–3) were used as target pollutants. p- 
benzoquinone (p-BQ, ≥98%; Sigma-Aldrich; CAS 106–51–4), tert- 
butanol (TBA, ≥99%; Sigma-Aldrich; CAS 75–65–0), methanol 
(MeOH, ≥99.9%; Sigma-Aldrich; CAS 67–56–1), furfuryl alcohol (FFA, 
98%; Sigma-Aldrich; CAS 98–00–0), silver nitrate (AgNO3, 99.8%; 
Panreac; 7761–88–8) and ethylenediaminetetraacetic acid (EDTA, 
99.4–100.6%; Sigma-Aldrich; CAS 60–00–4) were used as scavengers. 
Cross-linked polystyrene (PS) microparticles were purchased from 
Supelco (Merck) (10 µm; product no. 72986; Quality Level 100) as an 
aqueous suspension containing 10% (w/w) solids with 2% cross-linking. 
The reported particle size was 10 µm with standard deviation < 0.2 µm 
(coefficient of variation <2%) and a density of 1.05 g cm− 3. Perox
ymonosulfate (PMS; OXONE®; CAS 70693–62–8) was used as oxidant. 
Sodium thiosulfate (Na2S2O3, ≥99%; Sigma-Aldrich; CAS 7772–98–7) 
was used to quench residual PMS in treated samples. Milli-Q water (18 
MΩ cm) was used where indicated.

2.2. Synthesis and characterization of photocatalysts

2.2.1. Synthesis of TiO2 nanofibers via electrospinning
Two precursor solutions were prepared. Solution A was obtained by 

dissolving PVP (0.300 g) in EtOH (3.0 mL) under stirring for 45 min. 
Solution B was prepared by mixing TTIP (3.0 mL), AA (2.0 mL), and 
EtOH (2.0 mL) under stirring for 45 min. Solutions A and B were com
bined and stirred for 1 h to obtain a homogeneous spinning dope. The 
resulting solution was loaded into a syringe fitted with a stainless-steel 
needle (19 G; outer diameter ≈ 1.1 mm; length 30 mm; Sterican®, B. 
Braun) and processed using an electrospinning setup equipped with a 
rotating collector and a high-voltage power supply. Electrospinning was 
carried out at 20 kV with a solution flow rate of 1 mL per hour, a tip-to- 
collector distance of 10 cm, and a collector rotation speed of 1900 rpm, 
for a spinning duration of 8 h, under ambient conditions (25 ºC) [50].

The as-spun fibrous product was calcined in alumina crucibles 
(130 × 30 × 15 mm3) at 420 ◦C in air using a heating ramp of 2 ◦C min− 1 

and a dwell time of 4 h. After calcination, an estimated mass loss of 
~80% was observed, attributed to PVP removal and oxide crystalliza
tion. The macroscopic mat structure was not maintained after calcina
tion and collapsed into a loose powder; accordingly, mat thickness 
before/after calcination was not treated as a controlled synthesis 
parameter. Although the macroscopic mat disintegrated, field-emission 
scanning electron microscopy (FE-SEM) confirmed preservation of the 
one-dimensional fibrous morphology at the microscopic level.
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2.2.2. Synthesis of TiO2/BiOI nanofibers by solvothermal growth
BiOI was grown on TiO2 nanofibers by a solvothermal method. Bi 

(NO3)3.5H2O (1.22 g) and KI (0.52 g) were separately dissolved in EG 
(50 mL each). The KI solution was added dropwise to the Bi(NO3)3 so
lution under stirring. The mixture was stirred for 30 min and sonicated 
for 10 min to obtain a homogeneous suspension. The resulting solution 
was transferred into a Teflon-lined stainless-steel autoclave (100 mL). 
TiO2 nanofibers were added at a loading of 1.1 mg mL− 1 (relative to the 
EG solution volume) and stirred for 10 min prior to solvothermal 
treatment. The autoclave was heated at 160 ◦C for 6 h and then cooled to 
room temperature. The collected BiOI/TiO2 nanofibers were washed 
repeatedly with Milli-Q water and EtOH (96%; Panreac) to remove re
sidual EG, filtered, and dried at 120 ◦C for 6 h in air.

2.2.3. Materials characterization
Morphology was examined by field-emission scanning electron mi

croscopy (FE-SEM; JEOL J− 7100) coupled with energy-dispersive X-ray 
spectroscopy (EDX) for elemental analysis (20 kV, 10 mm WD). Semi- 
quantitative EDX analysis was also used to estimate the BiOI fraction 
in the TiO2/BiOI samples, assuming Ti as TiO2 and Bi/I as BiOI; the 
resulting values are reported as approximate compositional estimates 
rather than absolute bulk loadings. Surface chemical states were 
analyzed by X-ray photoelectron spectroscopy (XPS; PHI Quantera SXM) 
using monochromated Al Kα radiation with a 200 µm spot size under 
ultra-high vacuum. Crystal structure was determined by X-ray diffrac
tion (XRD; PANalytical X’Pert PRO; Cu Kα radiation). Photo
luminescence (PL) spectra were recorded using a custom-built setup 
with 365 nm LED excitation (M365FP1, Thorlabs); emission was 
collected through a 400 nm long-pass filter (FEL400, Thorlabs) and 
analyzed using an Andor 193i spectrometer coupled with an Andor iDus 
CCD camera. Optical absorption was assessed by UV–vis diffuse reflec
tance spectroscopy (DRS; PerkinElmer Lambda 900). Textural properties 
were obtained from N2 physisorption at 77 K (Micromeritics TriStar II). 
The specific surface area was calculated using the Brunauer–Emmett–
Teller (BET) method, and pore-size distribution/porosity were evaluated 
by Barrett–Joyner–Halenda (BJH) and t-plot analyses.

2.3. Photocatalytic PMS activation experiments

2.3.1. Degradation and mineralization of SMX and multipollutant solutions
Photocatalytic tests were performed using SMX and a multipollutant 

(MP) solution. Prior to irradiation, catalyst powders were dispersed in 
the pollutant solution and kept in the dark for 30 min to establish 
adsorption–desorption equilibrium. For the benchmark experiments, 
SMX solutions were prepared at an initial concentration of 5 mg L− 1. MP 
solutions were prepared at 20 ppm total concentration, comprising SMX 
(5 ppm), TC (5 ppm), LEV (5 ppm), and LAN (5 ppm). The solution pH 
was adjusted to 7. Each experiment used 20 mL of pollutant solution 
containing 10 mg catalyst (0.50 g L− 1).

Irradiation experiments were conducted in a PennPhD Photoreactor 
M2 (Sigma-Aldrich) equipped with interchangeable LED modules. 
Visible-light tests were performed with the 450 nm module and UV-A 
tests with the 365 nm module. The photoreactor provides a 360◦

reflective irradiation environment; reaction temperature was moni
tored/controlled using a K-type thermocouple, and magnetic stirring 
was set to 400 rpm (range 100–2000 rpm). The LED output was set to 
50% intensity via the photoreactor interface. Reactions were carried out 
in 20 mL vials placed in the photoreactor chamber and maintained at 20 
◦C throughout irradiation.

For PMS-assisted SMX and multipollutant experiments, a freshly 
prepared PMS stock solution was used at 250 mM, expressed as active 
PMS equivalent. A volume of 200 μL of this stock solution was added to 
the reaction mixture to obtain a final PMS concentration of 2.5 mM in a 
final reaction volume of 20.0 mL. Aliquots were withdrawn at 5, 20, 40, 
60, 80, and 120 min, filtered through 0.22 µm PTFE membranes, and 
quenched with sodium thiosulfate (0.5 M) prior to analysis. A PMS 

concentration of 2.5 mM was used as a fixed benchmark oxidant con
centration to compare the TiO2/BiOI catalyst series under intensified 
PMS-assisted photocatalytic conditions. This concentration was not 
optimized for oxidant economy or process implementation.

To evaluate the effects of pollutant loading and reaction temperature 
under visible-light-assisted PMS activation, additional SMX experiments 
were performed at initial concentrations of 5, 10, and 20 mg L− 1 and 
temperatures of 20, 30, and 40 ◦C. All other operating conditions were 
maintained at the benchmark values: pH 7, a final reaction volume of 
20 mL, a catalyst loading of 0.50 g L− 1, a PMS concentration of 2.5 mM, 
magnetic stirring at 400 rpm, and irradiation using the 450 nm LED 
module at 50% output. Mineralization after 120 min was determined by 
blank-corrected TOC analysis using the same filtration and quenching 
procedure applied in the benchmark experiments.

To evaluate matrix robustness, additional multipollutant experi
ments were performed using filtered tap water instead of Milli-Q water. 
The tap water was filtered through a 0.22 μm membrane before use and 
presented an alkalinity of 109 mg CaCO3 L− 1 and hardness of 113 mg 
CaCO3 L− 1, with Ca2+ and Mg2+ concentrations of 58.2 and 8.9 mg L− 1, 
respectively. The main inorganic constituents were HCO3

- (114 mg L− 1), 
Cl- (96.3 mg L− 1), and NO3

- (4.6 mg L− 1), with 1.02 mg L⁻¹ free Cl2. The 
four-component multipollutant solution was prepared in this filtered tap 
water at the same total pollutant concentration used in Milli-Q water, 
and TOC removal after 120 min was used as the bulk mineralization 
endpoint.

For SMX-only experiments, SMX concentration was quantified by 
UHPLC and mineralization was assessed by total organic carbon (TOC). 
Catalyst-free controls were performed under the same irradiation and 
solution conditions to evaluate direct photolysis and homogeneous PMS 
activation. These controls included UV-A irradiation, UV-A + PMS, 
visible-light irradiation, and visible light + PMS in the absence of TiO2/ 
BiOI catalyst. For MP experiments, treatment performance was evalu
ated by TOC as a bulk mineralization endpoint. Individual degradation 
curves for TC, LEV, LAN, and SMX in the mixture were not used to derive 
compound-specific kinetic parameters. The MP experiment was 
designed to assess net oxidative removal of the mixed organic carbon 
load, including parent compounds and transformation products.SMX 
concentrations were determined using an ultra-high-performance liquid 
chromatography system (UHPLC; UltiMate 3000, Thermo Fisher Scien
tific Inc.) equipped with a Hypersil GOLD™ C18 column (4.6 mm ×
250 mm). The mobile phase consisted of 60% (v/v) acetonitrile in water 
and was delivered at 1.0 mL min⁻¹ with the column maintained at 30 ◦C; 
detection was performed at 270 nm. Degradation intermediates were 
analyzed by mass spectrometry (Micromass Quattro micro API, Waters 
Corp.) in positive ion mode over an m/z range of 50–1000. TOC was 
measured using a TOC-VCSH analyzer (Shimadzu). TOC measurements 
were performed with blank correction because several treated samples 
approached the low-carbon range after photocatalytic PMS treatment. 
The Shimadzu TOC-VCSH analyzer used in this work has a 
manufacturer-reported TC measurement range extending down to 4 µg C 
L− 1 under the relevant configuration; however, the analytical figures of 
merit used for data interpretation were determined from blanks pro
cessed with the same filtration and quenching steps as the samples. 
Milli-Q water blanks, PMS-containing blanks, catalyst-contact blanks, 
and quenched blanks were filtered and analysed using the same protocol 
applied to treated samples. The method LOD and LOQ were calculated 
from repeated blank measurements as 3σ and 10σ, respectively, after 
blank correction. When residual TOC values approached the method 
LOQ, mineralization was interpreted conservatively as near-complete 
TOC removal rather than as a statistically meaningful decimal-level 
difference.

Reactive pathways in the TiO2/BiOI–PMS system were examined by 
combining scavenger (quenching) tests with complementary, solution- 
phase assays that track PMS consumption and operational proxies for 
oxidizing flux. Experiments were conducted under the same irradiation 
modes used for SMX removal (UV-A, 365 nm; visible, 450 nm), in the 
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presence of PMS at an initial concentration of 2.5 mM. For scavenger 
tests, individual quenchers were added at the start of the run at a 
nominal concentration of 1 mM: p-benzoquinone (p-BQ, assigned to O2

•−

quenching), tert-butyl alcohol (TBA, •OH), methanol (MeOH, •OH and 
SO4

•− ), furfuryl alcohol (FFA, 1O2), AgNO3 (e- scavenging), and EDTA 
(h+ scavenging). SMX degradation was then quantified after 120 min 
under UV-A + PMS or visible light + PMS, and compared with the 
corresponding “no quencher” condition. The concentration of SMX was 
also quantified by UHPLC. The scavenger experiments were used as 
qualitative pathway-sensitivity tests rather than as quantitative ROS- 
speciation measurements.

In parallel PMS-activation runs, residual PMS concentrations were 
quantified as a function of time (2 h, 8 h, 24 h) using an iodometric 
method followed by UV–vis analysis of the resulting I3- signal using 
UV–vis spectrophotometer (Shimadzu UV− 1800). Oxidizing equiva
lents generated during PMS activation were further assessed with a Ce 
(III) oxidation assay by monitoring Ce(IV) accumulation at the same 
time points by UV–vis spectroscopy (same instrument) using an external 
Ce(IV) calibration. Hydroxyl-associated oxidative flux was evaluated 
using the terephthalate probe approach by quantifying hydroxytereph
thalic acid (hTPA) after 2 h by fluorescence spectroscopy (AMINCO- 
Bowman Series 2 spectrofluorometer). Singlet oxygen was examined 
using Singlet Oxygen Sensor Green (SOSG, Invitrogen), with the SOSG 
fluorescence intensity recorded after 45 min on the same fluorometer; 
the signal is reported in arbitrary units and interpreted as a comparative 
indicator of 1O2-associated probe response under the tested conditions 
rather than as a direct, absolute quantification of 1O2.

2.3.1.1. Reusability and stability tests. Reusability was assessed over 
nine consecutive cycles using the MP solution, with TOC measured after 
120 min of treatment in each cycle. After each run, the catalyst was 
recovered by centrifugation and rinsed four times with Milli-Q water 
before being transferred to a fresh MP solution for the next cycle. No 
pollutant-containing MP solution was used as a washing medium, and no 
additional chemical or thermal regeneration step was applied.

Photochemical stability was assessed by quantifying metal-ion 
leaching from the catalyst after visible-light irradiation for 2 h in the 
presence of PMS. Catalyst integrity was evaluated by measuring bismuth 
and titanium concentrations in the reaction medium using inductively 
coupled plasma optical emission spectroscopy (ICP-OES; Optima 8300, 
PerkinElmer) for ppm-level concentrations and inductively coupled 
plasma mass spectrometry (ICP-MS; NexION 2000, PerkinElmer) for 
ppb-level detection. Prior to analysis, liquid samples were filtered 
through 0.22 µm PTFE membranes. The release of iodine species was 
examined by anion-exchange chromatography with postcolumn reac
tion and UV/visible detection. Measurements were performed using a 
Dionex DX− 500 ion chromatography system equipped with a Dionex PC 
10 reagent delivery module, an ASRS-I membrane-exchange suppressor, 
and a Spectroflow 773 absorbance detector. Iodide was separated on a 
Dionex AG11/AS11 column using an eluent of 60 mM sodium bromide 
and 1 mM sodium hydroxide. Postcolumn reaction with 5 µM bromine in 
2 mM NaOH converted iodide to IBr2

- , which was detected at 249.5 nm. 
All reagents were of the highest purity, and standard solutions were 
freshly prepared in Milli-Q water.

2.3.1.2. Biotoxicity assessment of treated water. Biotoxicity of treated 
MP water was evaluated using a seed germination and early growth 
inhibition assay with lettuce (Lactuca sativa). Residual PMS in PMS- 
treated samples was neutralized using Na2S2O3. Controls included 
Milli-Q water, a PMS-water solution, and an untreated MP solution. 
Twelve lettuce seeds were placed in each 90 mm polystyrene Petri dish 
lined with five layers of filter paper. Each dish was irrigated with 5.0 mL 
of the corresponding sample and incubated for 5 days in closed cham
bers under dark, humid conditions at 20 ◦C. Germination was defined as 
a radicle length ≥ 2 mm, and radicle lengths were measured after 

incubation. All assays were performed in triplicate.
Relative germination (RG), relative root elongation (RRE), and 

germination index (GI) were calculated as: 

RG(%) =
GS

GC
⋅100 

RRE(%) =
LS

LC
⋅100 

GI(%) =
RG(%)⋅RRE(%)

100 

Where GS and GC denote the number of germinated seeds in the sample 
and control (Milli-Q water), respectively, and LS and LC denote the 
corresponding mean root lengths (mm) of the germinated seeds. As 
phytotoxicity screening, GI > 80% indicates low or negligible phyto
toxicity, GI = 50–80% indicates moderate phytotoxicity, and GI < 50% 
indicates high phytotoxicity.

2.3.2. Degradation of microplastics
Microplastics degradation experiments were performed using cross- 

linked PS microparticles as a model particulate pollutant. The PS sus
pension was prepared at 20 ppm (solids) in Milli-Q water. Reactions 
were carried out at a total working volume of 1.0 mL in glass vials 
containing 1 mg of catalyst. The suspension was mixed for 30 min prior 
to PMS addition. For the microplastic experiments, PMS was added from 
the same freshly prepared 250 mM PMS stock solution. A volume of 
10 μL was used to obtain a final PMS concentration of 2.5 mM in the 
1.0 mL reaction volume. Irradiation was conducted in a SynLED Parallel 
Photoreactor (Sigma-Aldrich) equipped with bottom-lit LEDs 
(465–470 nm) arranged in a 4 × 4 reaction-block array, providing a 
consistent illumination geometry (LED angle 45◦) and a nominal lumi
nous flux of 130–140 lm. The photoreactor incorporates an integrated 
cooling fan to maintain a constant reaction temperature (20 ◦C) across 
parallel runs. Reactions were magnetically stirred throughout irradia
tion using an IKA round-plate stirrer. Experiments were performed for 
irradiation times of 2, 4, 6, and 24 h. After irradiation, 100 µL of each 
suspension were deposited onto fluorine-doped tin oxide glass pieces 
and dried in air. Prior to FE-SEM observation, the FTO substrates con
taining microplastics and catalyst were carbon-coated to ensure suffi
cient electrical conductivity for imaging. Degradation and 
morphological changes of PS microparticles were assessed qualitatively 
by FE-SEM by comparing particle surface features and structural integ
rity before and after treatment.

The 1.0 mL microplastic experiments were used to evaluate 
morphological changes of PS microparticles by FE-SEM and were not 
used for direct gravimetric determination of total polymer mass loss. 
Because the initial PS mass in these tests was in the microgram range and 
substantially lower than the catalyst mass, quantitative TOC and 
gravimetric analyses were performed separately in scaled-up experi
ments. For this purpose, 24 h microplastic degradation experiments 
were repeated using 250 mL suspensions under the same PS concen
tration and irradiation/PMS conditions. After treatment, the suspension 
was passed through a 10.0 μm nylon filter to retain the catalyst fibers 
and residual micrometer-sized polymer particles. The filtrate was 
collected as the aqueous/sub− 10 μm fraction and analyzed by TOC 
using a Shimadzu TOC-VCSH analyzer. This fraction was considered to 
contain dissolved organic carbon, low-molecular-weight oxidation 
products, and sub− 10 μm polymer-derived fragments able to pass 
through the filter. In parallel, aliquots of the filtrate were evaporated to 
dryness, and the remaining non-volatile residue was weighed using an 
analytical balance with a precision of 0.01 mg. Values were corrected 
using the corresponding catalyst/PMS blanks without PS and are re
ported as operational indicators of polymer fragmentation and solubi
lization rather than as direct total microplastic mass-loss values. 
Experiments were performed in three independent replicates. Catalyst- 

L. Huidobro et al.                                                                                                                                                                                                                               Journal of Environmental Chemical Engineering 14 (2026) 123947 

4 



only control experiments were also performed to assess possible catalyst 
carry-over through the 10.0 μm filter. Catalyst suspensions without PS 
were processed under the same filtration protocol. The resulting filtrates 
were dried on conductive substrates and examined by FE-SEM. No 
appreciable TiO2/BiOI fibers or catalyst fragments were observed in the 
dried filtrates, indicating that catalyst passage through the filter was 
negligible within the resolution and sampling limits of FE-SEM analysis.

3. Results and discussion

3.1. Material synthesis and characterization

TiO2 is widely used in photocatalysis, yet its large band gap restricts 
photoexcitation largely to the UV range [51–53]. To extend light har
vesting toward the visible, electrospun TiO2 nanofibers were used as a 
1D scaffold for the growth of BiOI, a narrower-band-gap semiconductor, 
yielding a coated-fiber heterostructure (Fig. 1a) [49,54]. The architec
ture was tuned by solvothermal growth at 160 ◦C while varying the 
treatment time (2–16 h), using reaction time as a controlled synthesis 
parameter to regulate BiOI nucleation, surface coverage, and over
growth on the TiO2 fibrous scaffold [29,55].

FE-SEM micrographs of the pristine TiO2 sample (Fig. 1b) show an 

interwoven network of continuous fibers with apparent diameters in the 
500–2500 nm range. The mat exhibits frequent fiber–fiber junctions and 
open inter-fiber voids typical of electrospun architectures. At the reso
lution of the images shown, the TiO2 fiber surfaces appear compara
tively smooth, without obvious particulate decoration.

BiOI was grown onto TiO2 via solvothermal treatment for 2 h 
(TBO1), 4 h (TBO2), 6 h (TBO3), and 16 h (TBO4). Across the series, FE- 
SEM indicates a clear time-dependent evolution from sparse surface 
features to a more continuous sheath surrounding the fibers (Fig. 1d-g). 
After 2 h (TBO1, Fig. 1d), discrete plate-like crystallites appear on the 
TiO2 surface. This platelet morphology is consistent with BiOI mor
phologies commonly reported in the literature [49], although FE-SEM 
alone cannot verify phase identity or composition. Increasing the 
treatment time to 4 h (TBO2, Fig. 1e) increases the surface coverage and 
roughness, producing a densely textured, platelet-decorated BiOI-rich 
outer layer. After 6 h (TBO3, Fig. 1f), the fibers appear encapsulated by a 
nearly continuous, thicker shell with a granular/rough texture, consis
tent with extensive overgrowth relative to the earlier stages. Extending 
the solvothermal time to 16 h (TBO4, Fig. 1g) preserves a coated-fiber 
morphology while suggesting further thickening and/or coarsening of 
the outer layer in the regions imaged.

The time-programmed evolution from sparse platelets to “hairy” and 

Fig. 1. (a) Schematic illustration of the synthesis route for electrospun TiO2 nanofibers and subsequent solvothermal BiOI growth. (b) FE-SEM micrograph of pristine 
TiO2 nanofibers. (c) Schematic depiction of the progressive evolution from sparsely decorated fibers to rough platelet-decorated and shell-like coated-fiber mor
phologies with increasing solvothermal time; the terms ‘hairy’ and ‘cocoon-like’ are used only as descriptive visual analogies. FE-SEM micrographs of TiO2/BiOI 
fibers after solvothermal treatment at 160 ◦C for (d) 2 h (TBO1), (e) 4 h (TBO2), (f) 6 h (TBO3), and (g) 16 h (TBO4). Scale bar: 1000 nm.
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“cocoon-like” coated fibers (Fig. 1c) is relevant from a biomimetic- 
architecture standpoint because it generates a hierarchical, optically 
complex medium rather than a simple planar coating [35,56,57]. The 
electrospun mat provides a three-dimensional framework with 
inter-fiber voids and numerous junctions, which creates multiple liq
uid/solid interfaces and a broad distribution of incidence angles for 
incoming light [58,59]. On this scaffold, the progressive BiOI growth 
adds secondary and tertiary features: early-stage platelet-like crystallites 
introduce faceted, anisotropic scatterers on the fiber surface, whereas 
longer treatments yield a more continuous, roughened outer sheath that 
increases surface corrugation and geometric tortuosity at the 
sub-micrometric scale. Together, these length-scale levels (mat-level 
void space, fiber-level curvature, and nanoscale-to-submicron surface 
texturing) are consistent with architectures used in nature to manage 
photon flux [60] (e.g., anti-reflection textures and diffuse scattering 
surfaces), where the objective is to suppress specular reflection and 

redistribute light into the interior of the medium. From an optical 
perspective, a random fibrous network can act as a “photon manage
ment” layer by increasing the probability of multiple scattering events, 
effectively lengthening the optical path within a given catalyst thickness 
[61]. This is particularly relevant for semiconductors that benefit from 
enhanced photon residence time in the absorbing phase: instead of a 
single pass through a flat film, photons can undergo repeated redirection 
between neighboring fibers and across junction-rich regions, increasing 
the chance of absorption by the BiOI coating (and, where exposed, by 
TiO2) [62,63]. The coated-fiber geometry also tends to reduce angular 
sensitivity: because fibers are oriented stochastically and present curved 
surfaces to the incident beam, photon capture can remain efficient under 
non-normal illumination, which is a practical advantage under real 
irradiation conditions where collimation is imperfect [64,65]. At the 
same time, the BiOI overgrowth introduces light–matter interaction sites 
across the full mat depth, which can mitigate the “surface-only” 

Fig. 2. (a) X-ray diffraction (XRD) patterns showing anatase TiO2 reflections together with additional peaks consistent with tetragonal BiOI for the coated samples. 
(b) N2 physisorption data used to derive BET surface area of pristine TiO2 and TiO2/BiOI nanofibers. (c) X-ray photoelectron spectroscopy (XPS) core-level spectra 
(binding energies referenced to C 1 s at 284.8 eV) highlighting Ti 2p, Bi 4 f, I 3d, and O 1 s regions for the pristine TiO2 and composite fibers. (d) UV–vis diffuse 
reflectance spectra (DRS) of the TiO2/BiOI series illustrating the progressive extension of absorption into the visible region with increasing BiOI growth time. (e) 
Photoluminescence (PL) emission spectra of the TiO2/BiOI samples showing solvothermal-time-dependent changes in emission intensity and band shape.
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excitation typical of dense, smooth films.
XRD patterns were collected to identify the crystalline phases present 

in the pristine TiO2 nanofibers and after solvothermal BiOI growth 
(Fig. 2a). The TiO2 sample exhibits the characteristic reflections of 
anatase, including the dominant (101) peak at 2θ ≈ 25.3◦. After sol
vothermal treatment in the presence of Bi and I precursors, additional 
reflections appear in all TiO2/BiOI samples at 2θ ≈ 20.3◦, 29.4◦, 31.7◦, 
37.1◦, 45.4◦, and 55.1◦, which are consistent with tetragonal BiOI 
(JCPDS 73–2062) [29] and match the reference BiOI pattern shown in 
Fig. 2a. In the TiO2/BiOI samples, the anatase (101) reflection at 2θ 
≈ 25.3◦ is strongly attenuated and is not distinctly resolved in the 
plotted patterns. This attenuation is attributed to the dominant diffrac
tion contribution of the Bi/I-containing BiOI phase, partial masking of 
the TiO2 scaffold by the BiOI overlayer, possible broadening of the 
electrospun anatase contribution, and intensity normalization to the 
stronger BiOI reflections. Therefore, XRD confirms the formation of 
crystalline BiOI on the TiO2-derived fibrous scaffold, whereas retention 
of the TiO2 component in the composites is supported by the synthesis 
route, FE-SEM morphology, EDX compositional analysis, and the Ti 2p 
XPS signal [49]. Changes in relative peak intensities across TBO1–TBO4 
should be interpreted cautiously because they can reflect both preferred 
orientation effects associated with platelet-like BiOI crystallites and the 
progressive increase in BiOI content with solvothermal growth time. To 
provide compositional support for this trend, semi-quantitative EDX-
derived BiOI loading estimates were added for the TBO series. The 
estimated BiOI fraction increased monotonically from approximately 
7% for TBO1–23% for TBO2, 39% for TBO3, and 67% for TBO4. These 
values support the compositional trend inferred from FE-SEM, XRD, and 
XPS, namely the progressive enrichment of the TiO2 fibers with BiOI 
during solvothermal treatment. Because EDX provides semi-quantitative 
information and probes a finite interaction volume, these values should 
be regarded as approximate loading estimates rather than exact bulk 
mass fractions. Nevertheless, the monotonic increase is consistent with 
the observed morphological transition from discrete BiOI platelets to 
more continuous hairy/cocoon-like coatings.

Nitrogen adsorption measurements were used to evaluate the 
adsorption-accessible textural properties (Fig. 2b). The BET surface area 
decreases from 47.1 m2 g− 1 for pristine TiO2 to 36.1–37.5 m2 g− 1 for 
TBO1–TBO2 and 28.6–31.4 m2 g− 1 for TBO3–TBO4. A similar trend is 
observed for the single-point total pore volume reported for pores 
< ~3.0 nm, which decreases from 0.0248 cm3 g− 1 (TiO2) to 
0.0193–0.0196 cm3 g− 1 (TBO1–TBO2) and 0.0151–0.0164 cm3 g− 1 

(TBO3–TBO4). By contrast, the adsorption average pore width estimated 
as 4 V/A remains essentially constant at ~2.09–2.14 nm across all 
samples. Taken together, these data are consistent with progressive 
surface coverage by BiOI reducing the adsorption-accessible surface area 
and small-pore volume while leaving the characteristic scale of the 
remaining adsorption-accessible porosity largely unchanged.

The term ‘hierarchical’ is used here as a morphological descriptor of 
the multi-length-scale fibrous architecture observed by FE-SEM, 
including inter-fiber voids, fiber curvature, platelet-like BiOI features, 
and rough shell-like coatings. No quantitative fractal dimension is 
assigned, because SEM- and adsorption-derived fractal dimensions are 
strongly dependent on image processing, pressure range selection, and 
model assumptions and are not required for the present structur
e–activity discussion.

XPS was employed to probe the surface composition of the coated 
fibers (Fig. 2c), with the C 1 s signal at 284.8 eV used as the binding- 
energy reference. The Ti 2p signal is clearly observed for pristine 
TiO2[52,66] and remains detectable for the coated samples, but it is 
progressively attenuated with increasing solvothermal time, in line with 
the formation of a thicker BiOI overlayer that increasingly masks the 
underlying TiO2 within the XPS sampling depth. The TiO2/BiOI samples 
show Bi 4 f doublet peaks at ~159.2 eV (Bi 4 f7/2) and ~164.5 eV (Bi 
4 f5/2), consistent with Bi3+ in bismuth oxyhalide environments, and I 
3d peaks at ~619.5 eV (I 3d5/2) and ~630.9 eV (I 3d3/2), consistent with 

iodide in BiOI [55,67]. The O 1 s region presents a broadened feature 
centered around ~530 eV with a higher-binding-energy shoulder near 
~531.3 eV, which is commonly associated with surface hydroxyls 
and/or adsorbed water. Accordingly, the O 1 s signal is best interpreted 
here as evidence for mixed oxide/oxyhalide oxygen environments plus 
surface hydroxylation rather than as a unique marker of a specific 
interfacial bond.

The optical response of the coated fiber series was assessed by UV–vis 
DRS (Fig. 2d). As the solvothermal growth time increases from TBO1 to 
TBO4, the spectra show progressively stronger absorption in the visible 
region and an overall redshift of the absorption edge, consistent with the 
increasing contribution of BiOI to the TiO2-based fibrous scaffold. [68]. 
The corresponding Tauc plots, including the tangent extrapolation lines 
used for estimating the apparent optical band gaps, are provided in 
Figure S1. The apparent band gaps are estimated as 2.41 eV for TBO1, 
2.28 eV for TBO2, 2.31 eV for TBO3, and 2.16 eV for TBO4. These 
values support an overall narrowing of the apparent optical gap with 
increasing BiOI growth, although the very similar values obtained for 
TBO2 and TBO3 should not be interpreted as a strictly monotonic 
change. Because hierarchical electrospun mats can exhibit different 
scattering backgrounds as BiOI loading, coating roughness, and shell 
thickness evolve, the Tauc-derived values are used here as comparative 
optical descriptors within the series rather than as absolute electronic 
band gaps or direct evidence of specific band-edge positions [69].

PL emission spectra of the TiO2/BiOI series (Fig. 2e) change sys
tematically with solvothermal growth time. TBO1 shows the highest 
emission intensity, and the PL signal is progressively quenched for 
TBO2–TBO4. The emission envelope also broadens and becomes less 
structured, most evident for TBO3, indicating that the dominant emis
sive pathways are modified as the BiOI overlayer develops. In semi
conductor composites, such quenching is commonly consistent with 
reduced radiative recombination and/or the introduction of additional 
non-radiative decay pathways, potentially including interfacial carrier 
transfer and defect-mediated trapping [70,71]. However, because these 
samples are optically heterogeneous fiber mats, PL intensity can also be 
affected by differences in excitation attenuation, 
scattering/out-coupling, and re-absorption as BiOI loading increases, as 
well as by sample packing and measurement geometry. The PL trends 
therefore support a change in recombination/emission dynamics across 
the series with increasing BiOI coverage, while their functional impact 
should be assessed alongside the DRS absorption trends and the photo
catalytic performance.

3.2. Photocatalytic PMS activation experiments

3.2.1. Degradation and mineralization of SMX and multipollutant solutions
SMX removal was evaluated under UV-A (365 nm) or visible light 

(450 nm) using the TiO2/BiOI series (TBO1–TBO4), with and without 
PMS (2.5 mM), at pH 7 and 20 ◦C (SMX 5 ppm; catalyst loading 
0.50 g L− 1). Prior to irradiation, suspensions were equilibrated in the 
dark for 30 min. Dark adsorption increased modestly with solvothermal 
growth time, from ~8% for TBO1 to ~15% for TBO4. This trend should 
not be interpreted as an increase in BET-accessible surface area, since N2 
physisorption shows that the specific surface area decreases as BiOI 
coverage grows. Instead, the higher dark uptake is attributed to changes 
in aqueous interfacial affinity introduced by the BiOI-rich overlayer and 
the associated modification of surface chemistry. N2-BET probes dry gas- 
accessible surface area and small-pore volume, whereas SMX adsorption 
from water also depends on surface polarity, hydroxylation, local sur
face composition, and specific interactions with the outer BiOI- 
containing surface. Accordingly, the adsorption trend is discussed here 
as a modest change in SMX–surface affinity rather than as evidence of 
increased textural surface area. Control experiments were added to 
distinguish direct photolysis, homogeneous light-assisted PMS activa
tion, and heterogeneous TiO2/BiOI-mediated PMS activation. In the 
absence of catalyst, UV-A irradiation alone produced 5.7 ± 0.3% SMX 
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degradation after 80 min, while UV-A + PMS increased SMX degrada
tion to 9.2 ± 0.5% over the same period (Table S1). The corresponding 
TOC removals after 120 min were only 2.9 ± 1.4% and 4.9 ± 1.2%, 
respectively (Table S2). Visible-light controls showed even lower back
ground activity, with 2.8 ± 0.2% SMX degradation under visible light 
alone and 7.4 ± 0.4% under visible light + PMS after 80 min. These 
results confirm that light-assisted PMS activation can occur in the 
absence of catalyst, particularly under UV-A irradiation, but its contri
bution is minor under the present conditions.

Under UV-A irradiation without PMS (Figs. 3a and 3e), all TiO2/BiOI 
samples promote substantial SMX degradation, with a clear dependence 
on BiOI growth time. After 80 min, degradation increases from 59.5% 
(TBO1) to 80.8% (TBO4), and TOC removal after 120 min increases 
from 62.5% (TBO1) to 79.2% (TBO4). Apparent pseudo-first-order fits 
(ln(C/C₀) vs time, 0–60 min) give increasing rate constants from 
1.1 × 10− 2 min− 1 (TBO1) to 2.0 × 10− 2 min− 1 (TBO4), consistent with 
accelerated transformation as the BiOI fraction and surface development 
increase. The persistent gap between SMX conversion (≥59–81% at 
80 min) and TOC removal (62–79% at 120 min) indicates that a portion 
of SMX is converted into organic intermediates that require longer 
irradiation or stronger oxidizing conditions for deep oxidation.

Adding PMS under UV-A (UV-A+PMS) produces a pronounced ac
celeration and drives mineralization close to completion for all TiO2/ 
BiOI samples (Figs. 3b and 3f). SMX degradation reaches 90–96% 
already at 60 min and 92.9–98.1% at 80 min, while TOC removal after 
120 min is 96.5–98.8%. The corresponding apparent kobs values 
(0–60 min) rise to 3.9–5.3 × 10− 2 min− 1, with TBO3 showing the 
highest kobs (5.3 × 10− 2 min− 1). These trends are consistent with PMS 
providing an additional oxidative channel under irradiation, enabling 
faster SMX breakdown and substantially enhancing deep oxidation 
relative to UV-A photocatalysis alone. Differences among TBO1–TBO4 
become comparatively small in terms of final mineralization (all ≥96%), 
suggesting that, under UV-A + PMS, the system is less sensitive to the 
precise degree of BiOI overgrowth once effective PMS activation is 
established.

Under visible-light irradiation without PMS (Figs. 3c and 3g), the 
TiO2/BiOI series remains active for SMX degradation, consistent with 
the visible absorption introduced by BiOI and the light-management 
features of the fibrous architecture discussed above. After 80 min, 
degradation increases from 76.6% (TBO1) to 89.6% (TBO3) and then 
slightly decreases to 86.7% (TBO4). Apparent kobs values mirror this 
trend, increasing from 1.8 × 10− 2 min− 1 (TBO1) to 2.8 × 10− 2 min− 1 

(TBO3), followed by a modest decrease for TBO4 (2.5 × 10− 2 min− 1). 
Despite the high SMX conversion, mineralization under visible alone 
remains moderate, reaching 76.7–81.1% TOC removal at 120 min, 
which again points to accumulation of partially oxidized intermediates 
when PMS is absent. The PMS-free systems should be mechanistically 
distinguished from PMS-assisted operation. In the absence of PMS, 
sulfate-radical-type oxidants generated from PMS are not available, and 
SMX transformation must arise from intrinsic TiO2/BiOI photocatalysis. 
Under UV-A irradiation, both TiO2 and BiOI may contribute to photo
induced charge generation, whereas under visible irradiation the 
response is mainly associated with BiOI absorption and interfacial 
charge separation in the TiO2/BiOI heterostructure. The likely oxidative 
channels include direct oxidation by photogenerated holes, formation of 
•OH through oxidation of surface hydroxyl groups or water, and 
reduction of dissolved O2 by photogenerated electrons to yield O2

•- and 
related oxygen-derived intermediates. These pathways are consistent 
with the substantial PMS-free SMX conversion observed under both UV- 
A and visible light. However, because dedicated PMS-free scavenger or 
EPR experiments were not performed, the relative contribution of each 
reactive species cannot be quantified. Accordingly, PMS-free activity is 
discussed as intrinsic photocatalytic oxidation, whereas the detailed 
scavenger/probe-based ROS assignment is restricted to PMS-assisted 
systems.

Visible-light irradiation combined with PMS (visible light + PMS) 

yields the most differentiated performance across the series and pro
vides the clearest indication of an optimal BiOI growth extent (Figs. 3d 
and 3h). SMX degradation accelerates markedly relative to visible alone, 
reaching 82.6–99.2% at 60 min and 92.7–99.5% at 80 min. TOC 
removal after 120 min also increased substantially, from 85.4 ± 3.5% 
for TBO1 and 89.5 ± 2.6% for TBO2 to near-complete mineralization for 
TBO3 and TBO4. Because the SMX-only experiments start from a low 
initial carbon concentration, TOC values close to complete mineraliza
tion approach the low-carbon range of the analytical method. The near- 
complete TOC removals reported for the best-performing conditions 
were therefore blank-corrected using Milli-Q water, PMS-containing, 
catalyst-contact, and quenched blanks processed under the same con
ditions as the samples. When residual TOC approached the method LOQ, 
the results were interpreted as near-complete mineralization rather than 
as evidence of statistically meaningful differences at the decimal level. 
The apparent kobs values, recalculated from the initial linear region of 
the ln(Ct/C0) plots, span 3.2 × 10− 2 min− 1 for TBO1–7.3 × 10− 2 min− 1 

for TBO3 under visible light + PMS (Table S3). For TBO3, the fitting 
interval was restricted to 0–40 min because SMX degradation reached 
99.2% at 60 min, placing the reaction close to the plateau region. The 
recalculated half-life is t1/2 ≈ 9.5 min, and TBO3 remains the fastest 
catalyst in the series. The slight drop in conversion rate from TBO3 to 
TBO4 under visible and visible light + PMS, together with the reduced 
BET surface area and the cocoon-like overgrowth seen by FE-SEM for the 
longest solvothermal time, is consistent with a trade-off at high BiOI 
coverage: further thickening may increase optical density while partially 
masking adsorption-accessible surface and/or constraining transport 
through the coated network. This balance is less apparent under UV- 
A + PMS, where the oxidation capacity is sufficiently high that near- 
complete mineralization is achieved across the series.

The comparison between PMS-free and PMS-assisted experiments 
clarifies the specific role of PMS in the TiO2/BiOI system. The catalysts 
are intrinsically photocatalytically active, as shown by the substantial 
SMX degradation and TOC removal obtained without PMS under both 
UV-A and visible irradiation. Therefore, PMS is not required to initiate 
SMX transformation. Its main contribution is to accelerate oxidation 
and, more importantly, to increase the extent of mineralization. Under 
UV-A irradiation, TOC removal after 120 min increased from 62.5 to 
79.2% without PMS to 96.5–98.8% with PMS. Under visible light, the 
effect was most evident for TBO3, for which TOC removal increased 
from 81.1 ± 3.7% without PMS to near-complete mineralization after 
blank correction with PMS. The early-time data show the same trend: for 
TBO3 under visible light, SMX degradation at 60 min increased from 
81.2 ± 1.9% to 99.2 ± 1.0% after PMS addition, while TOC removal 
increased from 61.3 ± 3.2% to 82.9 ± 0.5%. These results indicate that 
PMS mainly enhances the oxidative depth of the process by promoting 
further oxidation of SMX-derived intermediates, rather than simply 
increasing apparent parent-compound removal. The PMS concentration 
used in this work should also be interpreted carefully. A concentration of 
2.5 mM was selected as a fixed benchmark condition to compare the 
TiO2/BiOI series under intensified PMS-assisted photocatalytic opera
tion. It was not optimized for oxidant economy or process 
implementation.

The selection of TBO3 as the best-performing sample arises from the 
balance between BiOI growth, interfacial heterostructure formation, 
optical response, and surface accessibility across the TBO series. At short 
solvothermal times, TBO1 and TBO2 contain lower BiOI fractions and 
less developed surface coverage, limiting visible-light harvesting and the 
number of TiO2/BiOI interfacial sites available for charge separation 
and PMS activation. Increasing the growth time to 6 h produces TBO3, 
where the fibers are covered by a more continuous hierarchical BiOI-rich 
coating while still retaining an open, roughened fibrous morphology. 
This architecture provides stronger visible absorption, modified 
recombination/emission behavior, and sufficient accessible surface for 
SMX adsorption and interfacial PMS activation. Further extension to 
16 h gives TBO4, which contains the highest BiOI fraction but also 
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shows cocoon-like overgrowth and lower BET-accessible surface area. 
This excessive coverage can increase optical density while partially 
masking adsorption-accessible regions and/or constraining transport 
through the coated network. The catalytic trends are consistent with this 
trade-off: under visible light + PMS, TBO3 gives the fastest SMX 
degradation kinetics and the highest TOC removal, whereas TBO4 does 
not provide further improvement despite its higher BiOI loading. Thus, 
TBO3 is identified as the best-performing catalyst within the tested se
ries because it provides the most favorable compromise between visible- 
light absorption, TiO2/BiOI interfacial contact, surface accessibility, and 
PMS-assisted oxidative throughput. For the primary comparison of the 
TBO1–TBO4 series, catalyst loading, PMS dose, pH, initial pollutant 
concentration, irradiation intensity, temperature, and water-matrix 
composition were fixed to isolate the effect of BiOI growth time. A 
separate concentration–temperature matrix was subsequently used to 
evaluate process robustness beyond the benchmark condition. Although 
these additional experiments establish systematic endpoint trends, 
complete multivariable optimization and determination of interaction 
effects, kinetic parameters, and apparent activation energies would 
require a dedicated factorial design supported by time-resolved 
measurements.

The robustness of the visible-light + PMS process toward changes in 
pollutant loading and reaction temperature was further evaluated using 
initial SMX concentrations of 5, 10, and 20 mg L− 1 at 20, 30, and 40 ◦C, 
while maintaining the catalyst loading and PMS concentration at 
0.50 g L− 1 and 2.5 mM, respectively (Table S4). At constant tempera
ture, increasing the initial SMX concentration generally decreased the 
120-min mineralization endpoint. At 20 ◦C, TOC removal decreased 
from 85.4 ± 3.5% to 76.7 ± 0.9% for TBO1 and from 89.5 ± 2.6% to 
81.9 ± 1.2% for TBO2 when the SMX concentration was increased from 
5 to 20 mg L− 1. TBO3 and TBO4 were less affected, retaining mineral
ization values of 97.2 ± 1.4% and 95.2 ± 0.4%, respectively, at 
20 mg L− 1. The lower endpoint at increased pollutant loading is 
consistent with the larger organic-carbon burden and greater competi
tion between SMX and its transformation products for the oxidative flux 
generated at fixed catalyst and PMS concentrations. Increasing the re
action temperature improved mineralization across the catalyst series. 
At 20 mg L− 1 SMX, raising the temperature from 20 to 40 ◦C increased 
TOC removal from 76.7 ± 0.9% to 88.9 ± 1.4% for TBO1 and from 81.9 
± 1.2% to 92.4 ± 0.8% for TBO2. Under the same conditions, TBO3 
increased from 97.2 ± 1.4% to ≥ 99.0%, while TBO4 increased from 
95.2 ± 0.4% to ≥ 99.0%. At 40 ◦C, TBO3 and TBO4 achieved near- 
complete mineralization throughout the investigated concentration 
range. These results indicate that the intermediate-to-high BiOI growth 
states provide greater resilience toward increased pollutant loading and 
that higher temperature accelerates the overall PMS-assisted oxidative 
process.

Overall, the SMX experiments separate two effects. First, BiOI growth 
enables strong visible-light-driven SMX conversion in the coated-fiber 
architecture, with the apparent rate reaching a maximum at interme
diate solvothermal time. Second, PMS addition mainly increases the 
oxidative depth of the process rather than simply initiating SMX 
degradation. This is most evident from the TOC data: under visible 

irradiation, mineralization increases from 76.7 to 81.1% without PMS to 
85.4–≥ 99.0% with PMS, depending on the catalyst. Therefore, PMS- 
assisted operation should be interpreted as an intensified oxidation 
regime that promotes further transformation of SMX-derived in
termediates, while the TBO3 morphology provides the most effective 
balance between light harvesting, interfacial charge separation, and 
accessible reactive sites under the benchmark conditions used here.

For TBO3 under visible light + PMS, LC–MS analysis was used to 
construct a tentative transformation map for SMX (Fig. 3i and Table S5). 
The parent compound is assigned to protonated SMX at m/z = 254. The 
signal at m/z = 288 is heavier than the parent ion and is therefore not 
interpreted as a cleavage fragment. Instead, it is tentatively attributed to 
a higher-mass oxygenated SMX-derived intermediate formed after initial 
oxidative functionalization of SMX under PMS-assisted photocatalytic 
conditions. Further transformation appears to proceed through cleavage 
and oxidation around the sulfonamide group. The ions at m/z = 171, 
173, 217, and 165 may be assigned to sulfanilamide-type and oxidized 
sulfonyl/aromatic fragments, consistent with S–N/S–C bond cleavage 
and subsequent oxidation of the sulfonamide-containing moiety [72, 
73]. In parallel, the ions at m/z = 133 and 117 are consistent with 
oxygenated fragments derived from the isoxazole-containing part of 
SMX, while m/z = 94 is tentatively assigned to an aniline-type fragment 
generated after cleavage of the SMX framework [74]. Further hydrox
ylation, ring opening, and oxidative fragmentation are supported by 
lower-mass signals such as m/z = 110, 115, 118, and 90, which are 
consistent with smaller oxygenated products formed during advanced 
oxidation. These assignments should be treated with caution because 
nominal LC–MS signals do not uniquely define molecular structures, and 
some m/z values may correspond to isobaric products or structurally 
related fragments. Nevertheless, the detected product distribution is 
chemically consistent with a sequence involving initial oxidative func
tionalization of SMX, cleavage of the sulfonamide framework, frag
mentation of aromatic and isoxazole-derived moieties, and progressive 
oxidation toward low-molecular-weight products, in agreement with the 
high TOC removal observed under visible light + PMS [75].

The scavenger results should be interpreted qualitatively. Endpoint 
inhibition experiments provide information on pathway sensitivity, but 
they do not quantify the concentration or fractional contribution of in
dividual ROS. Therefore, scavenger tests under UV-A + PMS and visible 
light + PMS provide consistent qualitative evidence that radical path
ways dominate SMX oxidation for both TBO2 and TBO3, while also 
indicating that multiple reactive channels operate in parallel (Fig. 3j). In 
the absence of quenchers, SMX removal at 120 min is essentially com
plete for all conditions considered (99.5–100%). Adding TBA reduces 
degradation to 35.4–39.8% under UV-A + PMS and 40.1–44.5% under 
visible light + PMS, indicating that •OH-accessible oxidation pathways 
contribute strongly. The stronger inhibition observed with methanol 
(MeOH; 23.2–25.8% under UV-A+PMS and 26.4–29.9% under visible 
light + PMS) relative to TBA is consistent with an additional sulfate- 
radical-type contribution under PMS activation, because MeOH can 
intercept both •OH and SO4

•− in common mechanistic interpretations. 
These comparisons should still be treated as indicative rather than 
strictly diagnostic: scavenger tests report net kinetic impact and can be 

Fig. 3. Photocatalytic degradation/mineralization of SMX and mechanistic assessment of PMS activation over TiO2/BiOI nanofibers (TBO1–TBO4). (a–d) SMX 
degradation (5 ppm) as a function of time using TBO1–TBO4 under (a) UV-A irradiation, (b) UV-A + PMS, (c) visible irradiation, and (d) visible + PMS. (e–h) SMX 
mineralization (TOC removal) under the corresponding conditions: (e) UV-A, (f) UV-A + PMS, (g) visible, and (h) visible + PMS. PMS was added at 2.5 mM 
(nominal) in the PMS-assisted tests. (i) Proposed SMX transformation pathway over TBO3 under visible light + PMS, based on detected intermediates (m/z) and 
leading to ultimate mineralization products (CO2, H2O, NH4

+, and SO4
2-). (j) Scavenger quenching experiments (1 mM) under UV-A + PMS and visible + PMS using 

TBO2 and TBO3, reported as SMX degradation after 120 min; NQ denotes the no-quencher control. Quenchers and primary targets: p-benzoquinone (p-BQ, O2
•− ), tert- 

butanol (TBA, •OH), methanol (MeOH, •OH and SO4
•− ), furfuryl alcohol (FFA, 1O2), AgNO3 (e- scavenger), and EDTA (h+ scavenger). Right panels in (j): PMS 

consumption and probe assays during photocatalytic PMS activation over TBO2 and TBO3 under UV-A and visible irradiation: residual PMS at 2, 8, and 24 h 
(iodometric method, UV–vis detection of I3- ), Ce(IV) accumulation at the same time points from a Ce(III) oxidation assay (UV–vis; external Ce(IV) calibration) as an 
indicator of oxidizing equivalents, hTPA formed after 2 h (terephthalate fluorescence probe) as an •OH-associated response, and SOSG fluorescence after 45 min (a. 
u.) as a comparative indicator of 1O2-associated probe response (not an absolute 1O2 quantification). Initial PMS concentration in the mechanistic runs was 2.51 mM. 
Error bars represent mean ± standard deviation (n = 3).
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influenced by adsorption to fibrous solids, changes in solution proper
ties, and incomplete interception of short-lived species [76]. Even with 
these caveats, the pronounced suppression by TBA and MeOH under 
both irradiation modes supports that •OH-accessible radical oxidation is 
the dominant route to SMX disappearance in the TiO2/BiOI–PMS sys
tem, with sulfate-radical-type chemistry plausibly contributing in par
allel. The p-BQ causes only moderate inhibition (82.3–85.7% under 
UV-A+PMS; 84.8–89.2% under visible light + PMS), which is consistent 
with O2

•− playing a secondary role relative to the •OH/SO4
•− manifold. 

Because p-BQ can also act as an electron acceptor, its effect cannot be 
interpreted as uniquely selective for O2

•− , but the limited inhibition 
aligns with O2

•− being contributory rather than rate-determining under 
the PMS-assisted conditions tested. The impacts of charge-carrier scav
engers are also moderate. EDTA decreased SMX degradation to 
79.8–80.3% under UV-A + PMS and 82.4–85.3% under visible 
light + PMS, while AgNO3 decreased degradation to 90.1–92.3% and 
86.9–88.7%, respectively. These limited inhibitions indicate that free 
holes and long-lived electrons are not the sole rate-controlling oxidizing 
or reducing species responsible for SMX degradation. Instead, photo
generated carriers are more likely involved as short-lived initiators of 
interfacial PMS and dissolved-oxygen activation. In the TiO2/BiOI/PMS 
system, •OH-accessible oxidative flux can arise through several coupled 
routes, including oxidation of surface hydroxyl groups or water by 
photogenerated holes, one-electron PMS activation at photoexcited 
semiconductor sites, conversion of SO4

•− -type species into •OH through 
reaction with water or hydroxide, and secondary oxygen-derived path
ways involving O2

•− /H2O2-type intermediates. The moderate effects of 
EDTA and AgNO3 therefore support carrier involvement in ROS initia
tion, but they do not identify a single dominant elementary step. 
Accordingly, the scavenger results are interpreted as evidence for a 
radical-accessible oxidation network rather than as proof of a purely 
direct hole- or electron-driven pathway. FFA produces only small 
changes relative to the no-quencher case (typically ≤15% absolute 
decrease, and <10% under visible light + PMS for TBO3), suggesting 
that 1O2 is not the principal oxidant controlling SMX disappearance 
under these operating conditions. This does not exclude 1O2 formation, 
but it argues against a mechanism in which 1O2 dominates the observed 
SMX removal kinetics.

The scavenger picture is reinforced by the PMS-consumption and Ce 
(III) probe assays ([Ce(III)]0 = 2.5 mM), which also clarify how oxidant 
generation evolves over extended times and differs between irradiation 
modes and between TBO2 and TBO3. PMS depletion after 2 h is much 
more advanced under UV-A + PMS ([PMS]2 h = 0.48 mM for TBO2; 
0.36 mM for TBO3) than under visible light + PMS ([PMS]2 h =

1.85 mM for TBO2; 1.63 mM for TBO3), consistent with a faster overall 
PMS turnover under UV-A irradiation. The divergence persists at longer 
times: under UV-A + PMS, PMS is almost exhausted by 8 h ([PMS]8 h =

0.07 mM for TBO2; 0.04 mM for TBO3) and reaches complete con
sumption within 24 h for both samples, whereas under visible 
light + PMS a substantial PMS reservoir remains at 8 h ([PMS]8 h =

0.85 mM for TBO2; 0.55 mM for TBO3) and is only partially depleted 
after 24 h ([PMS]₂₄h = 0.22 mM for TBO2; 0.06 mM for TBO3). Thus, 
visible irradiation sustains PMS activation over a much longer time 
window, and TBO3 maintains consistently higher PMS consumption 
than TBO2 across the full 24 h, pointing to a higher steady oxidative 
throughput rather than a short-lived burst confined to the first hours.

Ce(IV) accumulation shows the same hierarchy and adds an impor
tant temporal dimension. After 2 h, Ce(IV) is already high under UV- 
A + PMS (1.78–1.93 mM) but markedly lower under visible light + PMS 
(0.58–0.84 mM), again indicating stronger early-stage oxidizing flux 
under UV-A irradiation. However, the visible-light system continues to 
build oxidizing equivalents over time: Ce(IV) increases from 0.58 to 
1.54 mM for TBO2 and from 0.84 to 1.89 mM for TBO3 between 2 h and 
8 h, and reaches 2.21–2.39 mM by 24 h. This gradual rise contrasts with 
the UV-A + PMS case, where Ce(IV) approaches a near-plateau by 24 h 
(2.32–2.36 mM) as PMS becomes depleted. Because the Ce(III)/Ce(IV) 

assay is best viewed as an operational readout of net one-electron 
oxidizing capacity in PMS-containing systems rather than a selective 
fingerprint of SO4

•− , the absolute Ce(IV) values cannot be mapped 
uniquely onto a single ROS. Even so, the coupled trends – ongoing PMS 
consumption together with sustained Ce(IV) formation under visible 
irradiation – support that PMS activation and associated one-electron 
oxidation pathways persist well beyond the first few hours. In prac
tical terms, this argues against a purely transient “initial activation” 
regime and instead indicates a sustained oxidant-generation capability, 
particularly for TBO3, which continues to convert PMS and accumulate 
Ce(IV) more rapidly than TBO2 over the entire 24 h period.

These extended-time results are mechanistically relevant in two 
ways. First, they provide a rationale for why PMS-assisted conditions 
can drive deep oxidation (and, in the SMX tests, near-complete miner
alization): oxidant generation is not limited to an early-time pulse but 
can be maintained as long as PMS remains available. Second, they help 
interpret the scavenger outcome that suggests a sulfate-radical-type 
contribution in parallel with •OH-accessible pathways. If sulfate- 
radical-type chemistry were only significant during a short initial PMS 
activation window, one would expect the probe signals and PMS con
sumption to converge rapidly; instead, the progressive Ce(IV) buildup 
and the measurable PMS reservoir remaining under visible light up to 
24 h indicate that PMS-derived oxidizing channels remain active over 
extended durations. Residual PMS concentration profiles were measured 
to assess oxidant utilisation during photocatalytic PMS activation. The 
PMS concentration-versus-time plots in Fig. 3j show progressive PMS 
consumption under both UV-A + PMS and visible light + PMS condi
tions. These profiles complement the Ce(III)/Ce(IV) assay: Ce(IV) 
accumulation reflects the build-up of oxidizing equivalents under the 
probe conditions, whereas residual PMS directly tracks the consumption 
of the added oxidant. PMS depletion should nevertheless not be inter
preted alone as catalytic efficiency, because oxidant consumption may 
include both productive pathways leading to SMX/intermediate oxida
tion and non-productive PMS decomposition.

The hTPA readout after 2 h provides additional, but still non- 
exclusive, evidence for •OH-accessible oxidative chemistry. hTPA con
centrations are 285–296 nM under UV-A + PMS and 344–376 nM under 
visible light + PMS, again higher for TBO3 than for TBO2. Because 
terephthalate-based assays can respond to strongly oxidative media 
through indirect routes and are sensitive to probe accessibility and 
competitive consumption, these values are most robustly interpreted as 
confirming that oxidation pathways capable of converting terephthalate 
operate under both irradiation modes and are more pronounced for 
TBO3 under visible light. Singlet oxygen was further probed using SOSG. 
The SOSG fluorescence signal recorded at 45 min increases from 28 to 
34 a.u. under UV-A + PMS to 48–65 a.u. under visible light + PMS, and 
is higher for TBO3 than for TBO2 in both irradiation modes. Because 
SOSG is a probe assay rather than a direct speciation method, its 
response should be interpreted comparatively: the higher SOSG signal 
under visible light + PMS is consistent with an increased 1O2-associated 
oxidative contribution under visible irradiation, and the TBO3 > TBO2 
trend suggests that the intermediate BiOI growth state that optimizes 
visible light + PMS SMX kinetics also favors higher SOSG response 
under the probe conditions. At the same time, the modest inhibition 
observed with FFA compared with the strong suppression by MeOH/ 
TBA indicates that, even if 1O2 is generated, it is unlikely to be the 
dominant channel controlling SMX disappearance under the tested PMS- 
assisted conditions.

Taken together, the quenching and probe datasets support a radical- 
accessible PMS-assisted oxidation network rather than a single-ROS 
mechanism or definitive ROS speciation. The strong inhibition by TBA 
and MeOH is consistent with a major contribution from •OH-accessible 
oxidation pathways, while the stronger suppression by MeOH than by 
TBA suggests that sulfate-radical-type chemistry may contribute in 
parallel. This interpretation remains operational because MeOH/TBA 
comparisons alone cannot unambiguously prove SO4

•− formation in 
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heterogeneous PMS systems, particularly when endpoint scavenger tests 
are performed with 1 mM scavenger in the presence of 2.5 mM PMS. The 
h-TPA response supports the presence of •OH-associated oxidative flux, 
while SOSG indicates a measurable 1O2-associated probe response; 
however, these assays are not absolute ROS quantification methods. 
Moreover, DMPO-based EPR would not, by itself, provide unambiguous 
SO4

•− /•OH discrimination in PMS systems. The DMPO– SO4
•− adduct is 

short-lived and can hydrolyze or transform into DMPO–OH, while 
DMPO–OH signals may arise from direct •OH trapping, secondary con
version of sulfate-radical adducts, or oxidative artefacts involving PMS, 
DMPO, or the spin adducts. Therefore, a DMPO–OH signal alone cannot 
be taken as definitive proof of free •OH, and a weak or absent DMPO– 
SO4

•− signal would not exclude sulfate-radical-type chemistry. 

Alternative spin traps such as DEPMPO or BMPO can improve adduct 
persistence in some systems, but they still require careful control ex
periments and do not remove all ambiguities in strongly oxidative PMS 
media. TEMP/TEMPOL-based approaches for 1O2 also require dedicated 
controls because TEMP oxidation can be promoted by strongly oxidizing 
AOP conditions. Accordingly, the ROS assignments are presented as 
data-consistent pathways rather than definitive radical identification.

The TiO2/BiOI interface can be rationalized within a p–n hetero
junction framework. TiO2 is generally considered an n-type semi
conductor, whereas BiOI behaves as a p-type semiconductor. Upon 
intimate contact between both phases during solvothermal growth, 
equilibration of the Fermi levels is expected to induce interfacial band 
bending and generate an internal electric field across the TiO2/BiOI 

Fig. 4. TOC-based mineralization of the multi-pollutant (MP) solution (SMX, TC, LEV, and LAN) over hierarchical electrospun TiO2/BiOI nanofibers with different 
BiOI growth states (TBO1–TBO4). (a) Mineralization (%) under UV-A or visible-light irradiation, in the absence and presence of PMS (2.5 mM), quantified from TOC 
removal at the end of the reaction. (b) Mineralization of the MP solution prepared in filtered tap water under the same irradiation and PMS conditions; TBO0 denotes 
pristine TiO2 nanofibers. (c) Reusability of the best-performing catalysts (TBO2 and TBO3) over nine consecutive cycles under PMS-assisted irradiation (UV-A + PMS 
and visible light + PMS); after each run, the catalyst was recovered by centrifugation and rinsed four times with Milli-Q water before reuse in a fresh MP solution. 
Error bars represent mean ± standard deviation (n = 3).
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junction. Similar p–n heterojunction effects have been reported for other 
coupled semiconductor systems, where the internal electric field facili
tates charge separation and improves photocatalytic performance 
[77–79]. In the present TiO2/BiOI fibers, this interfacial field may assist 
the spatial separation of photogenerated carriers and reduce recombi
nation, consistent with the PL quenching trend and the enhanced 
visible-light activity observed for the optimally coated samples. Under 
irradiation, BiOI extends light absorption into the visible region, while 
TiO2 contributes to the fibrous scaffold, interfacial contact, and UV-A 
response. The separated carriers generated at the TiO2/BiOI interface 
can initiate PMS and dissolved-oxygen activation at surface sites. Pho
togenerated electrons may promote one-electron PMS activation to 
produce sulfate-radical-type oxidizing species and may also reduce 
dissolved O₂ to O₂•⁻-related intermediates. In parallel, photogenerated 
holes can oxidize surface hydroxyl groups or water, contributing to 
•OH-accessible oxidative pathways. Subsequent conversion of 
sulfate-radical-type species by reaction with water or hydroxide may 
further contribute to •OH formation. This coupled p–n hetero
junction/PMS activation pathway is consistent with the strong inhibi
tion by TBA and MeOH, the PMS-consumption profiles, Ce(III) 
oxidation, and hTPA/SOSG probe responses.

TOC removal from the MP mixture provides a stringent metric 
because it integrates the fate of four chemically distinct organics (SMX, 
TC, LEV, and LAN) and therefore reflects the net balance between fast 
primary transformation and the slower, oxidative steps required to 
convert intermediates into carbon dioxide and inorganic ions [80,81]
(Fig. 4a and Table S6). Under irradiation without PMS, the TiO2/BiOI 
series already achieves substantial mineralization, with a clear depen
dence on illumination wavelength and BiOI growth state. Under UV-A 
irradiation without PMS, mineralization remains lower and less differ
entiated across the series (72.4 ± 0.3–78.6 ± 0.6%). TBO2 and TBO3 
provide the highest TOC removal (77.4 ± 0.3% and 78.6 ± 0.6%, 
respectively), but the spread across TBO1–TBO4 is modest compared 
with the visible-light case. Under visible light, TOC removal increases 
from 83.5 ± 0.3% (TBO1) to 87.4 ± 0.4% (TBO2) and reaches a 
maximum of 94.4 ± 0.3% for TBO3, before decreasing to 84.8 ± 0.0% 
for TBO4. The non-monotonic trend (TBO3 > TBO4) mirrors the per
formance optimum observed in the SMX tests under visible irradiation 
and is consistent with an architectural/compositional trade-off: inter
mediate BiOI growth appears to provide sufficient visible-light har
vesting and interfacial activity while preserving accessibility within the 
fibrous network, whereas further overgrowth can plausibly reduce 
adsorption-accessible surface and/or impose transport and 
optical-density penalties that are not compensated by additional BiOI 
loading. This smaller sensitivity is consistent with UV-A excitation 
accessing TiO2 directly across all samples; in that regime, differences in 
the extent of BiOI overgrowth may matter less for photon absorption 
than they do under visible irradiation, and the overall mineralization 
may be limited more by the oxidative strength/flux available to drive 
late-stage intermediate oxidation than by initial light harvesting.

Adding PMS shifts the system toward near-quantitative mineraliza
tion under both wavelengths and compresses the performance gap 
among catalysts, while still preserving an advantage for TBO3. Under 
visible light + PMS, TOC removal increases to 94.8 ± 0.4% (TBO1), 
98.1 ± 0.4% (TBO2), 99.5 ± 0.2% (TBO3), and 97.7 ± 0.6% (TBO4). 
Under UV-A + PMS, mineralization likewise rises to 93.6 ± 0.6% 
(TBO1), 94.3 ± 0.6% (TBO2), 97.1 ± 0.3% (TBO3), and 95.1 ± 0.3% 
(TBO4). Two points are worth emphasizing. First, PMS is decisive for 
deep oxidation of the MP solutions, bringing TOC removal into the mid- 
to-high 90% range even where irradiation alone is less effective, which 
is consistent with PMS activation supplying additional oxidative 
equivalents needed to process refractory intermediates generated from 
multiple parent compounds. Second, the best-performing catalyst under 
PMS-assisted operation remains TBO3 under both UV-A and visible 
illumination, suggesting that the intermediate-growth “hairy/cocoon- 
like” architecture offers a favorable balance between interfacial activity 

and accessibility. The fact that visible light + PMS reaches slightly 
higher mineralization than UV-A + PMS for TBO2–TBO4 should not be 
over-interpreted as a wavelength effect per se without matched photon- 
flux/absorbed-photon analysis; however, it is at least consistent with the 
material design objective – enhanced visible-light utilization – being 
translated into strong PMS-assisted oxidative capacity under visible 
irradiation. Because TOC removal is a bulk endpoint that does not 
discriminate between adsorption, partial oxidation, and complete 
mineralization pathways, these MP results are best interpreted as 
comparative evidence of net oxidative throughput under each condition 
rather than as direct proof of a unique ROS identity or a single rate- 
limiting step. Even so, the tight standard deviations (≤0.6%) and the 
systematic trends across conditions support a robust conclusion: PMS 
addition reliably drives the system toward near-complete mineralization 
of a complex MP solution, and the catalyst architecture tuned at inter
mediate solvothermal time (TBO3) provides the most effective platform 
for sustained deep oxidation under both UV-A and visible irradiation.

The robustness of the TiO2/BiOI series was further evaluated using 
the four-component multipollutant solution prepared in filtered tap 
wate (Fig. 4b and Table S7). This matrix contained relevant inorganic 
constituents, including bicarbonate, chloride, nitrate, hardness ions, 
alkalinity, and residual free chlorine, which can affect PMS activation by 
scavenging reactive species, modifying radical speciation, or altering 
pollutant–catalyst interactions. Despite this more complex background, 
the TiO2/BiOI catalysts retained high mineralization activity. Under 
visible light without PMS, TOC removal increased from 16.3 ± 0.8% for 
pristine TiO2 to 87.9 ± 1.1%, 93.2 ± 0.6%, 96.9 ± 0.4%, and 90.1 
± 0.3% for TBO1–TBO4, respectively. Upon PMS addition, visible-light 
mineralization increased to 98.4 ± 0.4% for TBO1, ≥ 99.0% for TBO2, 
≥ 99.0% for TBO3, and 98.7 ± 1.2% for TBO4, whereas pristine TiO2 
reached 70.2 ± 0.6%. Under UV-A + PMS, the same trend was 
observed, with TBO3 reaching ≥ 99.0% TOC removal. These results 
indicate that the hierarchical TiO2/BiOI architecture remains active in 
the presence of common inorganic water-matrix constituents and that 
PMS-assisted operation preserves high oxidative depth under filtered 
tap-water conditions. Nevertheless, filtered tap water should be regar
ded as an intermediate matrix test rather than a full wastewater vali
dation, because municipal wastewater would introduce additional 
variability, natural organic matter, suspended solids, ammonia, and 
other oxidant-demanding species.

3.2.1.1. Reusability and photostability of bioinspired hierarchical electro
spun TiO2/BiOI nanofibers. Catalyst durability was evaluated over nine 
consecutive cycles for TBO2 and TBO3 under PMS-assisted irradiation 
(UV-A+PMS and visible light + PMS) using the MP solution (Fig. 4c) 
[82]. Between cycles, the catalyst was recovered by centrifugation and 
rinsed four times with Milli-Q water before reuse in a fresh MP solution. 
No MP solution was used for washing, and no chemical or thermal 
regeneration treatment was applied. Therefore, the cycling experiment 
evaluates operational reuse after simple water rinsing and avoids 
intentional preloading of the catalyst surface with fresh organic pollut
ants between cycles.

Under UV-A + PMS, mineralization decreases beyond the reported 
uncertainty band, indicating measurable deactivation upon reuse. TBO2 
drops from 94.3% to 86.8% by cycle 9 (− 7.5 loss), while TBO3 decreases 
from 97.1% to 85.3% (− 11.8 decrease). Although both catalysts remain 
highly active after nine cycles (>85% mineralization), the magnitude 
and systematic nature of the decline are too large to be attributed to 
±0.6–0.8% variability alone, showing that the UV-A + PMS environ
ment imposes a stronger stability challenge. Under visible light + PMS, 
both catalysts maintain near-quantitative mineralization throughout 
cycling. TBO2 changes from 98.1% (cycle 1) to 97.4% (cycle 9) (− 0.7 
decrease), and TBO3 from 99.5% to 98.9% (− 0.6 loss). Because the 
experimental variability is ~0.6–0.8% (absolute), these differences are 
within the uncertainty of the TOC-based mineralization measurement 
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and therefore indicate no statistically meaningful loss of activity under 
visible-light-driven PMS activation over nine runs. Minor non- 
monotonic fluctuations across intermediate cycles are consistent with 
routine run-to-run variability associated with catalyst recovery/ 
handling and TOC analysis rather than progressive deactivation. 
Because the catalyst was rinsed with Milli-Q water rather than with MP 
solution, the observed TOC removal in each cycle cannot be attributed to 
pre-adsorption of fresh pollutants during the washing step. Strongly 
adsorbed residues or intermediates from previous cycles may still 
contribute to gradual surface fouling, but this effect is part of the 
operational stability assessment and would not artificially enhance the 
initial TOC removal of the following cycle through pollutant preloading.

Note that the different cycling behavior under UV-A + PMS and 
visible light + PMS is consistent with distinct PMS-activation regimes. 
Under UV-A irradiation, PMS is consumed much more rapidly, with 
residual PMS decreasing to 0.48 mM for TBO2 and 0.36 mM for TBO3 
after 2 h. Under visible-light irradiation, residual PMS remains higher at 
the same time point, 1.85 mM for TBO2 and 1.63 mM for TBO3, indi
cating a more gradual oxidant-generation profile. The UV-A + PMS 
condition therefore imposes a stronger early oxidative stress on the 
catalyst, combining direct TiO2 excitation, BiOI excitation, PMS acti
vation, and rapid formation of oxidizing equivalents. This more 
aggressive environment can promote surface reconstruction and partial 
BiOI destabilization, consistent with the larger activity loss and ppb- 
level leaching observed after cycling. By contrast, visible-light irradia
tion mainly exploits the BiOI-containing heterostructure and sustains 
PMS activation more gradually, allowing high TOC removal while 
limiting photochemical damage to the catalyst surface. This comparison 
should not be interpreted as evidence that visible-light excitation is 
intrinsically more stable under all conditions. Photon fluxes and absor
bed photon numbers were not normalized between the UV-A and visible- 
light experiments. The higher cyclability under visible light + PMS is 
therefore best described as an operational stability advantage under the 
tested conditions, arising from a less abrupt PMS-activation regime and 
reduced photocorrosive stress on the TiO2/BiOI system.

Post-run characterization supports structural and surface robustness 
at the levels probed. FE-SEM images after nine cycles show minimal 
morphological changes (Figure S2), suggesting that the fibrous archi
tecture is retained at the microscale. XPS spectra collected before and 
after cycling show no obvious changes in surface chemical features 
within the resolution and sampling depth of XPS (Figure S3), arguing 
against major surface reconstruction or complete loss of the BiOI 
component at the outer surface. Leaching tests nevertheless reveal a 
clear irradiation-mode dependence: under UV-A + PMS, Ti, Bi, and I are 
detected in solution at the ppb level, whereas under visible light + PMS 
these elements are below detection. Post-run characterization supports 
structural and surface robustness at the levels probed. FE-SEM images 
after nine cycles show minimal morphological changes (Figure S2), 
suggesting that the fibrous architecture is retained at the microscale. 
XPS spectra collected before and after cycling show no obvious the main 
Ti, Bi, I, and O surface features within the resolution and sampling depth 
of XPS (Figure S3), arguing against severe surface reconstruction or 
complete loss of the BiOI component at the outer surface. Leaching tests 
nevertheless reveal a clear irradiation-mode dependence: under UV- 
A + PMS, Ti, Bi, and I are detected in solution at the ppb level, whereas 
under visible light + PMS these elements are below detection. The sta
bility data should be interpreted in relation to the sensitivity of each 
characterization method. The combined FE-SEM/XPS/leaching evi
dence supports retention of the gross fibrous architecture and surface 
chemical signatures, but it does not by itself demonstrate complete 
crystallographic or textural invariance after cycling. The larger activity 
loss observed under UV-A + PMS is therefore attributed cautiously to a 
harsher oxidative regime that may promote surface-localized BiOI 
alteration, partial iodine depletion, low-level leaching, and/or active- 
site passivation, rather than to complete destruction of the TiO2/BiOI 
architecture. Overall, the cycling results indicate high operational 

reusability under visible light + PMS and a gradual, measurable decline 
under UV-A + PMS, while the combined FE-SEM/XPS/leaching evi
dence supports retention of the gross architecture and surface signatures 
within the sensitivity of the techniques used.

3.2.1.2. Biotoxicity assessment of treated water. The phytotoxicity of 
untreated and treated waters was evaluated using a Lactuca sativa seed 
germination and early root-growth inhibition assay, with outcomes 
expressed as relative germination (RG), relative root elongation (RRE), 
and the germination index (GI) [83,84]. Representative images of seeds 
after 5 days of incubation (dark, 20 ◦C, humid chambers) are shown in 
Fig. 5 for the untreated MP solution and for MP solutions treated for 2 h 
using TBO2 or TBO3 under visible irradiation, either without PMS or 
with PMS. Because PMS can impose direct oxidative stress during the 
bioassay, PMS-treated samples were quenched with Na2S2O3 (0.5 M) 
prior to germination testing, to minimize continued oxidant action 
during incubation.

The untreated MP solution strongly inhibited both germination and 
early root development, yielding RG ≈ 62.5%, RRE ≈ 17.2%, and GI 
≈ 10.8%, well below the GI < 50% criterion typically used to indicate 
high phytotoxicity in this screening assay. In addition, the PMS-only 
control led to complete suppression of germination under the condi
tions tested (Fig. 5c), highlighting that PMS cannot be dosed directly 
into receiving waters without an activation/neutralization strategy and 
that any residual oxidant must be effectively quenched prior to down
stream reuse or biological contact.

In contrast, photocatalytically treated MP waters showed substan
tially improved germination and root growth, with GI values shifting 
into the moderate-to-low phytotoxicity ranges depending on catalyst 
and PMS addition. When TBO2 was used under visible irradiation, the 
treated water gave RG ≈ 89.8%, RRE ≈ 87.4%, and GI ≈ 78.6%, i.e., 
near the boundary between moderate (50–80%) and low (>~80%) 
phytotoxicity. Adding PMS during treatment with TBO2 further 
improved the bioassay response to RG ≈ 95.6%, RRE ≈ 122.4%, and GI 
≈ 117.1%, consistent with a strong reduction of the biologically inhib
iting load after PMS-assisted oxidation. For TBO3, visible-light treat
ment also yielded a low-phytotoxicity effluent: RG ≈ 99.9% and GI 
≈ 103% (corresponding to RRE ≈ 103% by the GI definition). Under 
visible light + PMS with TBO3, the effluent similarly remained in the 
low-phytotoxicity regime (RG ≈ 87.5%, RRE ≈ 131.5%, GI ≈ 115.0%).

GI values exceeding 100% are sometimes interpreted as “stimula
tion” (hormesis) relative to the Milli-Q control; however, such responses 
should be interpreted cautiously in photocatalytic AOP effluents. Apart 
from biological variability, matrix effects can contribute, including 
changes in ionic composition after oxidation/mineralization (e.g., 
inorganic ions produced from the parent compounds and/or from PMS- 
derived sulfate) and any residual quenching products, which can alter 
osmotic conditions or act as nutrients that influence early root elonga
tion [26]. Accordingly, the most robust conclusion from these data is 
comparative: visible-light photocatalysis with TiO2 /BiOI substantially 
mitigates the severe phytotoxicity of the untreated MP solution, and 
PMS-assisted operation (when catalytically activated and quenched 
prior to testing) yields consistently low-phytotoxicity effluents in this 
screening assay, in line with the high mineralization levels observed for 
the same treatment conditions.

3.2.2. Microplastic degradation
Cross-linked PS microparticles (10 µm; 2% cross-linking) were 

selected as a stringent microplastic model because the covalent network 
limits swelling and chain mobility, which typically slows oxidative 
breakdown under mild conditions [85,86]. In this context, time-resolved 
FE-SEM offers a sensitive way to distinguish physical aggregation (e.g., 
necking/coalescence) from chemical degradation signatures (surface 
oxidation, embrittlement, delamination, and fragmentation) that are 
consistent with polymer-chain scission. All microplastic experiments 
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were performed at [PS]0 = 20 ppm (solids) and [PMS]0= 2.5 mM under 
visible irradiation (465–470 nm), comparing TBO2 and TBO3 
(1.0 mg mL− 1) against catalyst-free controls (Figure S3).

When PS was contacted with PMS for 24 h in the dark (i.e., without 
photoactivation), no measurable changes in particle size, surface 
roughness, or packing were observed (Figure S3a). This outcome is 
mechanistically expected: at near-neutral conditions PMS is not suffi
ciently reactive toward the chemically inert PS backbone unless it is 
efficiently activated to generate short-lived, highly oxidizing species. By 
contrast, visible irradiation alone for 24 h (no PMS, no catalyst) did not 
produce erosion or fragmentation, but it did promote lateral parti
cle–particle joining (“bridges”/necks) and the appearance of clusters 
larger than the nominal particle diameter (Figure S3b). This necking 
behavior is characteristic of surface softening and increased tackiness at 
contact points (e.g., weak photo-oxidation and/or local thermal-assisted 
surface rearrangement), which strengthens interparticle adhesion and 
drives irreversible aggregation. Importantly, these controls indicate that 
PMS alone is ineffective without activation, and light alone mainly 
modifies interparticle interactions, not polymer integrity.

Under visible-light irradiation and PMS in presence of TiO2/BiOI 
catalysts, FE-SEM reveals a coherent progression from intact spheres to 
oxidized shells, delamination, and extensive fragmentation (Fig. 6). The 
transformation is not a simple size decrease; instead, it matches the 
expected behavior for surface-dominated oxidation of a cross-linked 
polymer, where attack initiates at the particle exterior, produces a me
chanically weakened “skin,” and then advances inward as the shell fails 
and sheds debris [87,88].

Pristine PS appears as smooth, well-defined spheres with no evidence 
of erosion (Fig. 6a). With TBO2, the earliest changes at 2 h include 
localized roughening, microcracks, and an altered surface “skin” on 

some spheres, while others remain comparatively smooth (Fig. 6b), 
consistent with heterogeneous initiation at catalyst–particle contact 
regions and locally higher ROS flux. At 4 h, the emergence of lamellar/ 
petal-like features and folded structures indicates that the oxidized outer 
layer becomes brittle and begins to detach (delamination/peeling), 
forming rosette-like morphologies consistent with collapse/folding of a 
thin detached skin (Fig. 6c). By 6 h, many particles lose spherical 
integrity and appear as cup-like shells and fractured remnants, accom
panied by an increased amount of small fragments (Fig. 6d), which is 
typical of an “outside-in” degradation mode culminating in shell failure. 
After 24 h, fragmentation dominates, with abundant lamellar shards and 
fine debris (Fig. 6e), consistent with sustained oxidative chain scission 
and repeated mechanical failure of the cross-linked network. With 
TBO3, the same qualitative trajectory is observed, but the delamination/ 
fragmentation signature is more pronounced. At 2 h, the coexistence of 
relatively smooth spheres with strongly attacked, wrinkled/porous 
surfaces highlights marked spatial heterogeneity (Fig. 6f), plausibly 
arising from local catalyst distribution and microenvironments con
trolling PMS activation and ROS availability. At 4–6 h (Figs. 6g and 6h), 
rosette-like extrusions and large “flower” morphologies become prom
inent, consistent with extensive delamination and collapse of an 
oxidized shell, alongside substantial microdebris. After 24 h, the field is 
dominated by lamellar fragments and aggregated rosette remnants 
(Fig. 6i), indicating advanced erosion and fragmentation.

Across both catalysts, the particles evolve through a consistent 
sequence: smooth spheres → roughened/cracked oxidized skin → 
delamination into rosettes/lamellae → shell collapse → abundant frag
ments and debris.

The observed degradation is consistent with visible-light excitation 
of the TiO2/BiOI heterostructure generating charge carriers that 

Fig. 5. Phytotoxicity assessment of untreated and treated multipollutant (MP) solutions using lettuce (Lactuca sativa) seed germination and root elongation assays. 
Representative photographs after 5 days of incubation for seeds exposed to (a) Milli-Q water control, (b) untreated MP solution, (c) PMS control, (d) TBO2 + visible, 
(e) TBO2 + visible + PMS, (g) TBO3 + visible, and (h) TBO3 + visible + PMS. (f) Relative germination (RG), relative root elongation (RRE), and germination index 
(GI), calculated relative to the Milli-Q water control. Twelve lettuce seeds were used per Petri dish, and assays were performed in triplicate. Error bars represent mean 
± standard deviation.
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Fig. 6. FE-SEM micrographs of cross-linked polystyrene (PS) microparticles and their degradation under visible-light irradiation in the presence of PMS (2.5 mM). (a) 
Pristine PS microparticles (mean diameter 10 µm; standard deviation <0.2 µm). Time-resolved degradation in the PS/PMS system using 1.0 mg mL− 1 of TBO2 after 
(b) 2 h, (c) 4 h, (d) 6 h, and (e) 24 h. Time-resolved degradation in the PS/PMS system using 1.0 mg mL− 1 of TBO3 after (f) 2 h, (g) 4 h, (h) 6 h, and (i) 24 h. Scale 
bar: 1 µm. [PS]0 = 20 ppm, [PMS]0 = 2.5 mM, catalyst dose: 1 mg mL− 1.
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promote interfacial PMS activation, producing a sustained oxidative 
environment dominated by PMS-derived radical pathways (commonly 
SO4

•− , with secondary •OH formed downstream, and potentially addi
tional oxygen-derived species depending on conditions). These oxidants 
can degrade PS through: (i) H-abstraction to form polymer radicals, (ii) 
oxygen incorporation (increasing polarity and disrupting packing), (iii) 
chain scission that lowers molecular weight and mechanical integrity, 
and (iv) embrittlement/delamination of an oxidized surface layer, 
yielding the characteristic rosette/lamellar morphologies followed by 
fragmentation into shards and fine debris. This framework also ratio
nalizes the controls: PMS alone lacks an efficient activation route and 
shows negligible impact, while light alone promotes necking/aggrega
tion but not oxidative erosion; only visible light + catalyst + PMS pro
duces the characteristic erosion/delamination/fragmentation 
trajectory.

To complement the FE-SEM observations, larger-volume experi
ments were performed after 24 h to obtain an operational estimate of 
polymer fragmentation and transfer into the aqueous/sub− 10 μm frac
tion. The initial 1.0 mL experiments were used only for morphological 
assessment, whereas the scaled-up 250 mL suspensions allowed TOC 
and gravimetric analysis after filtration through a 10.0 μm membrane, 
which retained the TiO2/BiOI fibers and residual micrometer-sized PS 
particles. Under this separation protocol, the recoverable micrometer- 
sized particulate fraction decreased by 67% for TBO2 and 84% for 
TBO3. Catalyst-only controls processed in the absence of PS showed no 
appreciable TiO2/BiOI fibers or catalyst fragments in the dried filtrates 
by FE-SEM, indicating negligible catalyst carry-over through the filter 
within the limits of the analysis. The decrease in the recoverable par
ticulate fraction is therefore consistent with oxidative fragmentation, 
partial solubilization, and transfer of polymer-derived carbonaceous 
material into dissolved, colloidal, or sub− 10 μm forms during treatment. 
The stronger effect observed for TBO3 agrees with the more advanced 
cracking, delamination, and fragmentation seen by FE-SEM and with 
sustained PMS-assisted oxidative activity under visible-light irradiation. 
These values should be interpreted as operational indicators of PS 
fragmentation/solubilization rather than as a complete polymer mass 
balance; full carbon closure would require independent quantification of 
retained particles, dissolved organic carbon, submicrometric fragments, 
volatile products, and mineralized carbon.

4. Conclusions

Persistent antibiotics and microplastics remain challenging targets 
for conventional treatment trains because they combine low biode
gradability with high physicochemical stability; this study introduces 
bioinspired hierarchical electrospun TiO2/BiOI nanofibers 
(TBO1–TBO4), tuned by solvothermal BiOI growth (2–16 h), as a 
multifunctional photocatalytic architecture for PMS activation that 
couples deep oxidation of dissolved pharmaceuticals with degradation 
of particulate microplastics.

Under neutral conditions (pH 7, 20 ◦C; SMX 5 ppm; catalyst 
0.50 g L− 1; PMS 2.5 mM), PMS-assisted operation consistently drove 
near-complete mineralization under both UV-A (365 nm) and visible 
light (450 nm), whereas PMS alone (<8% SMX loss; <3% TOC removal 
at 120 min) and direct photolysis (<4% SMX loss) were negligible. In the 
absence of PMS, UV-A irradiation enabled substantial SMX conversion 
(59.5–80.8% at 80 min) but incomplete mineralization (62.5–79.2% 
TOC at 120 min), while visible irradiation yielded high SMX conversion 
(76.6–89.6% at 80 min) yet only moderate TOC removal (76.7–81.1% at 
120 min), evidencing the persistence of oxidation-resistant in
termediates without PMS. With PMS, the performance converged to
ward quantitative oxidation: under UV-A + PMS, SMX reached 
92.9–98.1% conversion at 80 min with 96.5–98.8% TOC removal at 
120 min (kobs = 1.1–7.3 × 10− 2 min− 1; maximum for TBO3), whereas 
visible light + PMS produced the clearest catalyst differentiation and an 
optimum at intermediate BiOI growth. Specifically, TBO3 showed near- 

complete SMX mineralization after blank correction at 120 min with the 
fastest kinetics (kobs = 7.3 × 10− 2 min− 1; t1/2 ≈ 8.8 min), consistent 
with a trade-off between enhanced visible absorption and progressive 
masking of adsorption-accessible surface area at high BiOI coverage. 
This balance was reinforced by mineralization of a stringent four- 
component multipollutant solution (SMX/TC/LEV/LAN, 20 ppm 
total): without PMS, visible-light TOC removal peaked at 94.4 ± 0.3% 
for TBO3 (vs 83.5 ± 0.3% for TBO1 and 84.8 ± 0.0% for TBO4), while 
PMS raised mineralization to 94.8 ± 0.4–99.5 ± 0.2% under visible 
light and 93.6 ± 0.6–97.1 ± 0.3% under UV-A, with TBO3 remaining 
the top performer in both modes.

Mechanistic interrogation supports a radical-dominated PMS-assis
ted oxidation landscape sustained over extended times. Quenching tests 
showed strong inhibition by TBA (•OH-accessible pathways) and even 
stronger suppression by methanol, consistent with an additional sulfate- 
radical-type contribution; p-benzoquinone and furfuryl alcohol pro
duced only moderate-to-minor effects, indicating secondary roles for 
O2
•− -associated and 1O2-associated channels in controlling SMX disap

pearance. PMS depletion and Ce(IV) accumulation were consistent with 
sustained oxidant turnover under visible light + PMS over 24 h, with 
TBO3 showing higher PMS consumption and Ce(IV) formation than 
TBO2 under the probe conditions. Operationally, TBO2 and TBO3 
maintained near-complete TOC removal of the MP solution over nine 
cycles under visible light + PMS (≤0.7 %age-point change; Ti/Bi/I 
below detection), whereas UV-A + PMS caused measurable deactivation 
(to 86.8% for TBO2 and 85.3% for TBO3 by cycle 9) alongside ppb-level 
leaching. Detoxification tracked mineralization: the untreated MP so
lution was highly phytotoxic (GI ≈ 10.8), while treated effluents under 
visible irradiation with TiO2/BiOI shifted to low phytotoxicity (e.g., 
TBO3: GI ≈ 103; TBO3 + PMS: GI ≈ 115, with PMS quenched prior to 
testing).

Beyond dissolved pollutants, the system produced clear morpho
logical and operational evidence of PS microplastic transformation 
under visible irradiation, where controls established that PMS in the 
dark caused no measurable changes and light alone primarily induced 
particle–particle necking without erosion. In contrast, cross-linked PS 
microparticles (10 µm; 2% cross-linking; 20 ppm solids) exposed to 
visible light (465–470 nm) + PMS (2.5 mM) in the presence of TiO2/ 
BiOI (1.0 mg mL− 1) underwent a sequence of FE-SEM-observed changes 
consistent with outside-in oxidative damage captured by time-resolved 
FE-SEM: smooth spheres transitioned to roughened/cracked oxidized 
skins (2 h), followed by delamination into rosette/lamellar shells (4 h), 
shell collapse with fractured remnants (6 h), and fields dominated by 
lamellar shards and fine debris at 24 h. Scaled-up 24 h experiments 
further supported polymer fragmentation and solubilization, with the 
recoverable micrometre-sized particulate fraction decreasing by 67% for 
TBO2 and 84% for TBO3 under the applied filtration protocol. Catalyst- 
only controls indicated negligible TiO2/BiOI carry-over through the 
10.0 μm filter, supporting that the observed filtrate residue and TOC 
response mainly arise from polymer-derived products rather than cata
lyst leakage. These values should be interpreted as operational in
dicators of PS fragmentation and transfer into dissolved, colloidal, or 
sub− 10 μm carbonaceous fractions, not as a complete polymer mass 
balance. The main limitations of the present work are the lower dura
bility observed under UV-A + PMS and the unresolved carbon parti
tioning during microplastic transformation, including the relative 
contributions of retained particles, soluble/colloidal oxidation products, 
submicrometric fragments, and mineralized carbon. Future work should 
therefore focus on integrating hierarchical TiO2/BiOI materials into 
recoverable visible-light reactor formats, improving long-term stability, 
reducing PMS demand, and closing the carbon balance for microplastic 
transformation in realistic water matrices.
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A. Serrà, Synergistic photothermal/photocatalytic activation of peroxymonosulfate 

L. Huidobro et al.                                                                                                                                                                                                                               Journal of Environmental Chemical Engineering 14 (2026) 123947 

18 

https://doi.org/10.1016/j.jece.2026.123947
https://doi.org/10.1016/j.watres.2023.121014
https://doi.org/10.1016/j.hazadv.2024.100410
https://doi.org/10.1016/j.hazadv.2024.100410
https://doi.org/10.1038/s41545-022-00154-5
https://doi.org/10.1016/j.jwpe.2021.102474
https://doi.org/10.1016/j.jwpe.2021.102474
https://doi.org/10.1016/j.envres.2024.119863
https://doi.org/10.1016/j.envres.2024.119863
https://doi.org/10.1007/s13762-022-04194-9
https://doi.org/10.1007/s13762-022-04194-9
https://doi.org/10.1016/j.envpol.2023.122835
https://doi.org/10.1016/j.envpol.2023.122835
https://doi.org/10.3390/molecules30153186
https://doi.org/10.1007/s43832-025-00295-x
https://doi.org/10.1007/s43832-025-00295-x
https://doi.org/10.1021/acselectrochem.5c00311
https://doi.org/10.1021/acselectrochem.5c00311
https://doi.org/10.1038/s44221-023-00098-1
https://doi.org/10.1038/s44221-023-00098-1
https://doi.org/10.1016/j.jphotochemrev.2017.01.005
https://doi.org/10.1016/j.seppur.2025.136095
https://doi.org/10.1016/j.seppur.2025.136095
https://doi.org/10.1016/j.cej.2024.150663
https://doi.org/10.1016/j.chemosphere.2022.136524
https://doi.org/10.1016/j.chemosphere.2022.136524
https://doi.org/10.1016/j.jwpe.2021.102468
https://doi.org/10.1016/j.electacta.2023.142551
https://doi.org/10.1016/j.electacta.2023.142551
https://doi.org/10.1016/j.jechem.2023.06.038
https://doi.org/10.1016/j.jelechem.2025.118956
https://doi.org/10.1016/j.jelechem.2025.118956
https://doi.org/10.1039/D3NR04534J
https://doi.org/10.1039/D3NR04534J
https://doi.org/10.1016/j.cej.2026.174316
https://doi.org/10.1016/j.wri.2022.100194
https://doi.org/10.1016/j.wri.2022.100194
https://doi.org/10.1016/j.jallcom.2023.170370
https://doi.org/10.1016/j.jallcom.2023.170370
https://doi.org/10.1039/D5EN00675A
https://doi.org/10.1016/j.cej.2025.164960


using SrFe12O19@Ni-P core@shell microparticles for energy efficient water 
remediation, Chem. Eng. J. 530 (2026) 173570, https://doi.org/10.1016/j. 
cej.2026.173570.

[27] L. Huidobro, Q. Bautista, M. Alinezhadfar, E. Gómez, A. Serrà, Enhanced visible- 
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[82] Z. Kása, E. Bárdos, E. Kása, T. Gyulavári, L. Baia, Z. Pap, K. Hernadi, Myth or 
reality? A disquisition concerning the photostability of bismuth-based 
photocatalysts, J. Environ. Chem. Eng. 10 (2022) 107624, https://doi.org/ 
10.1016/j.jece.2022.107624.

[83] H. Mohan, S.S. Rajput, E.B. Jadhav, M.S. Sankhla, S.S. Sonone, S. Jadhav, 
R. Kumar, Ecotoxicity, occurrence, and removal of pharmaceuticals and illicit 
drugs from aquatic systems, Biointerface Res. Appl. Chem. 11 (2021) 
12530–12546, https://doi.org/10.33263/BRIAC115.1253012546.

[84] C. Fang, J. Yan, Y. Wang, N. Zhang, X. Liu, Facile synthesis of N-doped carbon 
nanorods for antibiotics degradation via PMS activation: Mechanism insight and 
biotoxicity assessment, Sep. Purif. Technol. 340 (2024) 126849, https://doi.org/ 
10.1016/j.seppur.2024.126849.

[85] W. Hamd, E.A. Daher, T.S. Tofa, J. Dutta, Recent advances in photocatalytic 
removal of microplastics: mechanisms, kinetic degradation, and reactor design, 
Front. Mar. Sci. 9 (2022) 885614, https://doi.org/10.3389/fmars.2022.885614.

[86] A.A. Koelmans, P.E. Redondo-Hasselerharm, N.H.M. Nor, V.N. De Ruijter, S. 
M. Mintenig, M. Kooi, Risk assessment of microplastic particles, Nat. Rev. Mater. 7 
(2022) 138–152, https://doi.org/10.1038/s41578-021-00411-y.

[87] M.C. Ariza-Tarazona, C. Siligardi, H.A. Carreón-López, J.E. Valdéz-Cerda, P. Pozzi, 
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