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The sustainability of water treatment is a growing environmental and public health concern, particularly

regarding the removal of antibiotics and microorganisms. This study developed multifunctional

membranes using synthetic (PVDF-HFP) and natural (silk fibroin, SF) polymer matrices incorporating TiO2

nanoparticles surface-modified with 5-aminosalicylic acid (5-ASA) and silver (Ag). These modifications

enhanced both visible-light-responsive photocatalytic activity and antimicrobial performance. The

membranes were evaluated for ciprofloxacin degradation and antimicrobial activity against Gram-

positive and Gram-negative bacteria. Photocatalytic PVDF-HFP membranes achieved 63% and 62%

under UV and simulated solar radiation, respectively, while SF membranes reached 50% and 71%.

Antimicrobial efficiency showed a ∼2 log10 bacterial reduction for E. coli and a 0.5 log10 reduction for S.

epidermidis, attributed to the presence of Ag in the TiO2/5-ASA nanoparticles. Furthermore, the

membranes maintained stable performance across multiple reuse cycles. Overall, the results highlight

the potential of these multifunctional materials as efficient and eco-friendly solutions for advanced

wastewater treatment applications.
Sustainability spotlight

This work highlights the sustainable development of photocatalytic membranes through the green synthesis of Ag–TiO2 nanoparticles and their immobilisation
into a natural biopolymer, silk broin, aligning with the UN's Sustainable Development Goals, particularly Goal 6 (Clean Water and Sanitation) and Goal 12
(Responsible Consumption and Production). By combining a natural polymer with greener photocatalysts, this approach reduces environmental impact and
energy consumption, offering a sustainable alternative to conventional synthetic membranes based on PVDF-HFP. These materials present high photocatalytic
efficiency in degrading ciprooxacin under UV and simulated solar irradiation over various cycles and antimicrobial properties, offering an innovative, eco-
friendly, and efficient solution for degrading the persistent water pollutants, mitigating the antibiotic resistance risk and supporting the sustainable
management of contaminated water.
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marães 4800-058, Portugal

s 4800-058, Portugal

onal Institute of the Republic of Serbia,

for Photoconversion, PO Box 522, 11001

g.ac.rs

, Applications and Nanostructures, UPV/

, 48009 Bilbao, Spain

568–4582
1 Introduction

Water pollution is one of Humankind's most critical chal-
lenges,1,2 contributing to nearly 1.5 million deaths yearly due to
the consumption of unsafe water.3 In recognition of this,
ensuring access to clean water and sanitation was established as
the sixth goal of the United Nations Sustainable Development
Goals (SDGs).4–6

Among water contaminants, contaminants of emerging
concern (CECs)7–9 have received growing attention due to their
frequent detection in aquatic ecosystems at low concentrations
(ng L−1 to mg L−1).10,11 Pharmaceuticals constitute one of the
largest groups of CECs, gaining prevalence due to their wide use
to treat various diseases and areas that are persistent in water
bodies.12–14 Antibiotics are especially concerning, as they have
© 2025 The Author(s). Published by the Royal Society of Chemistry
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been detected in various types of water matrices worldwide,
including groundwater and drinking water.15,16

Quinolones, such as ooxacin, ciprooxacin, and noroxa-
cin, are extensively used in the treatment of human and animal
infections.17,18 A substantial portion of these drugs remains
unmetabolised and is excreted through urine and faeces,
entering wastewater systems.19,20 Ciprooxacin (CIP) is a widely
prescribed and valued for its broad efficacy and cost-effective-
ness.21 However, its incomplete removal in conventional
wastewater treatment plants (WWTPs) contributes to its envi-
ronmental dissemination. CIP exposure has been associated
with health risks including altered intestinal microora,
increased susceptibility to infections, and potential carcino-
genic effects.22–24 Moreover, the release of antibiotics into the
environment promotes the development of antimicrobial
resistance in microorganisms, facilitating the occurrence of
antibiotic-resistant bacteria (ARB).25–27 This reduces the effec-
tiveness of antibiotics in treating bacterial infections.28 For
instance, some studies have shown that CIP concentrations as
low as 0.1 mg mL−1 in drinking water can induce resistance in
Staphylococcus aureus, Pseudomonas sp., and Enterococcus sp.28,29

In this context, the development of materials capable of
degrading persistent antibiotics and simultaneously presenting
antimicrobial properties is urgently needed.

Photocatalytic nanomaterials have received considerable
attention in water remediation for CEC degradation and
application against ARB.11,30–32 An effective strategy for extend-
ing the photocatalytic activity of wide band gap oxides, such as
titanium dioxide (TiO2) nanoparticles (NP), into the visible
range is to form an Interfacial Charge Transfer (ICT) complex
with organic ligands.33,34 These hybrids can be formed by
coordinating salicylate-type ligands such as 5-aminosalicylic
acid (5-ASA), an anti-inammatory drug known as mesalazine,
to the surface Ti atom. Furthermore, introducing noble metals,
such as Ag, improves charge separation35,36 and endows anti-
microbial activity.37

Despite the efficiency of the photocatalytic nanoparticles,
a more cost-effective process that allows reusability and
prevents possible secondary pollution (release of NP into water
into water bodies),38–41 can be developed by immobilising them
in polymeric matrices. Polymers are widely used as nanoparticle
support materials since they are inexpensive, exible, thermal,
chemical, and mechanically stable.42,43 Among them, synthetic
polymers poly(vinylidene uoride) (PVDF) and its copolymers,
including poly (vinylidene uoride-co-hexauoropropylene)
(PVDF-HFP)44 have been extensively used as membrane mate-
rials for water remediation applications45–47 due to their
mechanical robustness, UV resistance, and compatibility with
various processing technologies.46–49 Nevertheless, PVDF-HFP is
derived from non-renewable50 fossil resources and is resistant
to natural degradation,51 raising concerns about the potential
release of toxic compounds and microplastics,51,52 which could
have long-term environmental impacts.53–55 Additionally, its
processing is commonly associated with the use of toxic
solvents (e.g., dimethyl formamide (DMF)).50,52

Though synthetic polymers are still the best option for high-
performance applications. Regarding other applications, it is
© 2025 The Author(s). Published by the Royal Society of Chemistry
possible to focus on alternatives based in green chemistry and
circular economy paradigms, developing sustainable
materials56–59 to address climate change.51,56 In this context,
natural polymers, such as cellulose,56 chitosan,60 and silk,61

arise as a potential solution, as they are biodegradable and are
produced from renewable sources such as plants, animals, and
microbes.51,62,63

Among them, silk obtained from the Bombyx mori silkworm
has attracted much attention.64–66 Silk broin (SF), the main
structural protein of silk,67,68 is composed of a-helices, b-sheet
crystal structure and random coils assembled by repetitive
amino acid sequences.67,69 SF also presents biocompatibility,
exibility, and stability in most organic solvents and water,
making it a good candidate for environmentally friendly mate-
rials development.67,68,70,71 Moreover, SF, similarly to PVDF, can
be processed into different morphologies, such as lm72 3D
porous scaffolds and membranes,73 electrospinning,74 spin
coating,72 salt-leaching,73 among others. Thus, SF-based mate-
rials have been used in biomedical, electronic, sensing, optical
applications, and water remediation.75–79

Combining the activity of green functionalised photo-
catalysts with visible spectral range activity and antimicrobial
effects incorporated into a natural polymer matrix presents
a novel alternative to conventional PVDF-based membranes.
The resulting hybrid materials may offer performance compa-
rable to fossil-based polymers while signicantly reducing
environmental impact. This approach aligns with sustainable
development goals and represents a step forward in advanced
water treatment technologies.

In this study, TiO2 nanoparticles were functionalised with Ag
nanoparticles using 5-aminosalicylic acid as a green method-
ology. Aerwards, the nanocomposite particles were incorpo-
rated into PVDF-HFP and SF polymer matrices. The resulting
membranes were tested for their photocatalytic efficiency in
degrading ciprooxacin, their antibacterial properties against
Gram-positive and Gram-negative bacteria, as well as their
reusability in cycling experiments. This work aims to validate
the green transition from synthetic to natural polymer in the
development of multifunctional membranes for the sustainable
treatment of contaminated water.
2 Materials and methods
2.1 Materials

Bombyx mori silkworm cocoons were supplied by APPACDM
from Castelo Branco (Portugal). Sodium carbonate (Na2CO3),
formic acid (FA, CH2O2), calcium chloride (CaCl2) and sodium
chloride (NaCl) were sourced from Sigma-Aldrich. Distilled
water was prepared on-site in the laboratory. Poly(vinylidene
uoride-co-hexauoropropylene) (PVDF-HFP, SOLEF®) was ob-
tained from Solvay, while Fischer-Scientic supplied N,N-di-
methylformamide (DMF, $99%). Ciprooxacin (C17H18FN3O3)
was purchased from Sigma-Aldrich. Silver nitrate (AgNO3) was
acquired from VWR, and 5-aminosalicylic acid from Alfa Aesar.
All chemicals and solvents were used without further
purication.
RSC Sustainability, 2025, 3, 4568–4582 | 4569
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2.2 Synthesis and characterisation of nanoparticles

The surface functionalisation of TiO2 nanoparticles (Degussa P-
25, with a specic surface area (BET) of 35–65 m2 g−1) with 5-
ASA was carried out according to the procedure described in.80

In brief, 100 mg of TiO2 nanoparticles were dispersed in 30 mL
of deionised water containing 30.6 mg 5-ASA and stirred over-
night. The change in the nanoparticles' colour evidences the
successful formation of the ICT complex. Aerwards, the
modied TiO2 nanoparticles were separated via centrifugation,
thoroughly rinsed with water ve times, and vacuum-dried at
40 °C in a GCA Corporation, USA, oven.

A nanocomposite of Ag NPs on the surface of TiO2 nano-
particles functionalised with 5-ASA was synthesised by utilising
the reducing properties of the free amino groups in 5-ASA
molecules.81 Specically, 200 mg of surface-modied TiO2 with
5-ASA was mixed with 20 mg of AgNO3 in 50 mL of Ar-saturated
water, and the mixture was reuxed at 60 °C for 6 hours under
continuous stirring. The resulting nanocomposite was isolated
by centrifugation, repeatedly washed with water, and dried
under vacuum at 40 °C in a GCA Corporation oven. For
simplicity, the surface-modied TiO2 with 5-ASA and the
nanocomposite consisting of Ag NPs supported on TiO2 with 5-
ASA will be referred to as TiO2/5-ASA and TiO2/5-ASA/Ag,
respectively.

The TiO2/5-ASA/Ag nanocomposite composition, including
silver and titanium content, was quantied using inductively
coupled plasma optical emission spectroscopy (ICP-OES
Thermo Scientic iCAP 7400). Transmission electron micros-
copy (TEM) imaging was performed using a JEOL JEM-2100
LaB6 instrument operated at 200 kV, with images acquired
using a Gatan Orius CCD camera set to 2× binning. X-ray
diffraction (XRD) was carried out using a Rigaku SmartLab
system with Cu Ka1,2 radiation, employing a continuous
angular scanning rate at 2° min−1. Reectance spectra of TiO2/
5-ASA and TiO2/5-ASA/Ag samples were measured using a Shi-
madzu UV-Visible UV-2600 spectrophotometer equipped with
an integrated sphere ISR-2600 Plus.
2.3 Extraction of SF

The extraction of SF from Bombyx mori silkworm cocoons was
performed using a soap degumming method.82 The cocoons
were cleaned, cut into 2 cm2 pieces, and boiled in a 0.05 wt%
Fig. 1 Schematic representation of the methodology to develop the PV

4570 | RSC Sustainability, 2025, 3, 4568–4582
Na2CO3 solution for 30 min, maintaining an SF-to-water solu-
tion ratio (w/v) of 1 : 40. The resultant bres of SF underwent
extensive rinsing with distilled water before being air-dried at
room temperature for 24 hours. These bres were dissolved in
a 0.19 M FA/CaCl2 solution in a 10 : 1 v/w ratio (FA : SF). Impu-
rities were removed by centrifugation (Hettich EBA 21) at
6000 rpm for 10 min, and the supernatant SF/FA/CaCl2 solution
was ltered. The ltered solution was then cast onto a Petri dish
and allowed to dry at room temperature for 24 hours for FA
evaporation. The nal transparent, plastic-like material was
rinsed in a distilled water bath to eliminate residual CaCl2 and
air-dried at room temperature for 24 hours, resulting in
a brittle, whitish solid form of SF.

2.4 Development of polymer-based porous membranes

The synthesised nanoparticles TiO2/5-ASA and TiO2/5-ASA/Ag
were immobilised into a PVDF-HFP and silk-based membrane
by temperature-induced phase separation (TIPS) combined with
salt leaching techniques. This combination of methods allows
greater control over the pore size range and promotes enhanced
pore interconnectivity.83 For the preparation of the PVDF-HFP-
based membranes, TiO2/5-ASA and TiO2/5-ASA/Ag nano-
particles were rst dispersed in 9 mL of DMF in an ultra-
sonication bath for 2 h to achieve good nanoparticle dispersion.
Aerwards, 1 g of PVDF-HFP polymer was added to the solution
to obtain PVDF-HFP : TiO2/5-ASA and PVDF-HFP : TiO2/5-ASA/
Ag with a nal mass ratio of 10 : 1, a concentration reported
as ideal for obtaining high degradation efficiency without
compromising the remaining physical–chemical properties of
the polymer.11 Pristine membranes were also prepared and
identied as PVDF-HFP. The solution was mechanically
agitated until the polymer was completely dissolved. At this
stage, 9 g of NaCl, previously sieved (100 mm mesh), was added
to the solution and stirred until a homogeneous and viscous
solution was obtained. The nanoparticle/polymer/salt solution
was poured into a Petri dish. The DMF was evaporated at room
temperature for nearly one week until complete solvent evapo-
ration. When the membranes were dried entirely, they were
submerged under agitation to allow the NaCl to leach for 5 days,
changing the water frequently. Electrical conductivity
measurements were performed on the water solution to conrm
constant values, indicating that NaCl had been completely
removed from the polymer microstructure (Fig. 1).
DF-HFP- and SF-based pristine and nanocomposite membranes.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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To produce SF membranes, the TiO2/5-ASA and TiO2/5-ASA/
Ag nanoparticles were dispersed in 10 mL of FA in an ultra-
sonication bath for 2 h to achieve good nanoparticle dispersion.
Subsequently, 1 g of SF was added to obtain a 10 : 1 v/w FA : SF
solution. The solution was mechanically agitated for 1 h to
ensure complete dissolution. SF (pristine membranes) were also
developed. At this point, 9 g of NaCl, sied through a 100 mm
mesh, was incorporated into the solution and agitated until
a uniform and viscous solution was achieved. Then, the
nanoparticles/polymer/salt solution was placed in a Petri dish
and le to dry for 24 hours to evaporate the solvent fully. These
membranes were designated SF, SF : TiO2/5-ASA, and SF : TiO2/
5-ASA/Ag. Similar to the PVDF-HFP membranes, the SF-based
membranes were submerged in water under agitation to allow
the NaCl to leach for 5 days, changing the water frequently. The
porous membranes were then obtained and dried in an airing
chamber (Christ Beta 2–8 LDplus) for 24 h. The preparation
procedure of the membranes is summarised in Fig. 1.
2.5 Polymer-based membranes' physical-chemical
characterisation

Fourier-transform infrared spectroscopy (FTIR) measurements
for PVDF-HFP-based and SF-based membranes were conducted
at room temperature using a Jasco FT/IR-6100 spectrometer.
The infrared spectra range from 600 to 4000 cm−1, employing
32 scans with a resolution of 4 cm−1. To assess the relative
content of the secondary structures present in each SF-based
sample, the amide I spectral regions were deconvolved using
OriginPro 8.1 soware (OriginLab, Northampton). The analysis
included linear baseline correction with the Savitzky–Golay
method, using 15 points. Peak positions and component
numbers identied via the second derivative served as initial
parameters for iterative curve tting using a Gaussian function
using the Levenberg–Marquardt algorithm (R2 > 0.999).84 Curve
tting was applied uniformly across all samples to ensure
comparable secondary structure assignments. The relative
contribution of each tted component to the amide I band was
calculated by integrating the area under the curve and nor-
malising it to the total amide I area.

The b-phase relative fraction, F(b), of the PVDF-HFP-based
membranes was calculated using eqn (1):

FðbÞ ¼ Ab�
Kb

Ka

�
Aa þ Ab

(1)

where Aa and Ab represent absorbances at 766 and 840 cm−1,
respectively, and Ka (6.1× 104 cm2 mol−1) and Kb (7.7× 104 cm2

mol−1) are the corresponding absorption coefficients.3,85

Differential scanning calorimetric (DSC) measurements were
performed in a Mettler Toledo DSC 822e. For PVDF-HFP-based
membranes, the samples were heated from 25 °C to 200 °C. SF-
based membranes were heated from 25 °C to 170 °C before
being cooled back to 25 °C to eliminate absorbed water.
Subsequently, they were reheated from 25 °C to 350 °C. All the
heating and cooling processes were performed at 10 °C min−1

under a nitrogen atmosphere (ow rate, 20 mL min−1) in
© 2025 The Author(s). Published by the Royal Society of Chemistry
aluminium pans with perforated lids to facilitate the release
and removal of volatiles. The degree of crystallinity of the PVDF-
HFP-based membranes was calculated using eqn (2):

cc ¼
DHf

xDHa þ yDHb

(2)

where DHf denotes the melting enthalpy of the PVDF-HFP
polymer from the DSC analysis, and x and y are the a and b-
phase contents, respectively, obtained from the FTIR spectra.
DHa and DHb are the melting enthalpies of pure crystalline a-
PVDF (93.04 J g−1) and b-PVDF (103.40 J g−1) samples,
respectively.86
2.6 Polymer-based membranes' functional performance

2.6.1 Polymer-based membranes' photocatalytic activity.
To evaluate the photoactive performance of the nanocomposite
membranes, ciprooxacin (CIP) was used as an organic
compound to monitor the degradation under ultraviolet (UV)
and simulated solar radiation (VIS). Photocatalytic tests were
conducted using a 5 cm × 3 cm membrane sample, affixed to
the inner wall of a beaker containing 50 mL of CIP solution (C0

= 5 mg L−1, pH = 2.9) and stirred for 30 minutes in the absence
of light (dark). Aer this period, all the samples were exposed to
eight 8 W UV lamps (PHILIPS TL 8 W BLS, Poland) with a peak
emission at 385 nm over 600 min. The distance between the
solution and the lamp was 13.5 cm, with an irradiance at the
sample of 3.3 W m−2. Similarly, the PVDF-HFP, PVDF-HFP:
TiO2/5-ASA/Ag, SF and SF : TiO2/5-ASA/Ag membranes were
evaluated under simulated solar radiation using a Xenon lamp
with a peak emission at 550 nm and an irradiance of 300Wm−2,
also over 600 min. In this case, the lamp was positioned 21 cm
away from the solution. The photocatalytic degradation effi-
ciencies of CIP were monitored by measuring the variation of its
maximum absorption peak at 277 nm at specic time intervals
using an Innite M Plex spectrophotometer (TECAN). The
pollutant concentration over time was determined using eqn
(3):

h% ¼ C0 � C

C0

� 100 (3)

where C0 and C represent the initial and current concentrations
of the pollutant, respectively. The degradation kinetics followed
a pseudo-rst-order model, described by eqn (4):46–49

C

C0

¼ e�kt (4)

where k is the rst-order rate constant of the reaction (min−1) at
reaction time (t).

2.6.2 Polymer-based membranes' antibacterial activity
2.6.2.1 Pre-inoculum preparation. The antimicrobial activity

of the membranes was tested using Gram-positive Staphylo-
coccus epidermidis (NCTC 11,047) and Gram-negative Escherichia
coli k12 (NCTC 10538) strains obtained from The National
Collection of Type Cultures (NCTC). The pre-inocula were
prepared by suspending a single colony from stock cultures in
nutrient broth (NB) and incubating overnight at 37 °C with
shaking at 110 rpm.
RSC Sustainability, 2025, 3, 4568–4582 | 4571
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2.6.2.2 Antibacterial activity. The bactericidal activity of the
membranes was evaluated using a modied version of the
ASTM-E2149-01 standard shake ask method. Bacterial cells
from the pre-inoculum were harvested through two rounds of
centrifugation (5000 rpm for 5 min) and resuspended in a 0.9%
NaCl (w/v) solution. The suspension's optical density (OD) was
measured at 600 nm and adjusted to 0.1, corresponding to an
inoculum of approximately 1 × 106 CFU mL−1. Simultaneously,
membrane pieces (1 × 1 cm2) were sterilised under UV light
before testing. The inoculum was combined with the samples
and incubated at 37 °C with shaking at 200 rpm for 2 hours. The
resulting suspensions were serially diluted in sterile 0.9% NaCl
(w/v), plated onto NB agar, and incubated at 37 °C for 24 hours
to quantify surviving bacterial colonies. The reduction in
bacterial counts was expressed as log10 reduction, providing
quantitative data on the membrane's antibacterial efficacy
compared to control conditions (no material).

2.6.2.3 Polymer-based membranes induced ROS formation. A
lamp that mimics the sunlight (FL T8–900 mm 30 W Sylvania),
which had previously been placed in the incubator, was used to
apply the light stimuli to the samples and further quantication
of the reactive oxygen species (ROS). The samples were in
contact with the bacterial inoculum for 2 h at 37 °C and 200 rpm
in the incubator with the sun-mimicking light (SLM). The
samples incubated without stimuli were used as controls. Then,
the probe 2-7-dichlorodihydrouorescein diacetate (DCFH2-DA)
Fig. 2 (a) Low- and (b) high-magnification TEM images of TiO2/5-ASA
Kubelka–Munk transformation of reflection spectra of commercial TiO2

4572 | RSC Sustainability, 2025, 3, 4568–4582
at a nal concentration of 10 mM was added to the bacterial
solution and incubated at 37 °C for 20 min. The DCFH2-DA was
used as a substrate for quantitatively measuring the intracel-
lular oxidant production. This non-uorescent molecule is
oxidised to the uorescent 2-7-dichlorouorescein (DCF) by the
action of bacterial cellular oxidants. The DCFH uorescence
intensity was detected using a multimode reader at an excita-
tion wavelength of 488 nm and an emission wavelength of
525 nm to further quantify the ROS level.
3 Results and discussion
3.1 Synthesis and characterisation of nanoparticles

The inorganic-organic hybrid (TiO2/5-ASA/Ag) was synthesised
to improve performance in eliminating bacteria and degrada-
tion of antibiotics by photo-driven reactions. The initial
synthesis step in forming the ICT complex between TiO2 and 5-
ASA. This was achieved through a condensation reaction
involving the surface hydroxyl groups of both inorganic and
organic components.80,81 The amino group from 5-ASA remains
free, thus enabling its role in the subsequent step, whereby it
reduces Ag+ ions and facilitates the attachment of the formed Ag
NPs to the TiO2/5-ASA. The TEM analysis of the TiO2/5-ASA/Ag
nanocomposites (Fig. 2a and b) reveals the presence of small
(<5 nm) spherical Ag NPs distributed randomly across the
surface of the commercial TiO2 nanoparticles. The XRD pattern
/Ag nanocomposites. (c) XRD of TiO2/5-ASA/Ag nanocomposites. (d)
and synthesised TiO2/5-ASA and TiO2/5-ASA/Ag nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the TiO2/5-ASA/Ag nanocomposite is presented in (Fig. 2c).
The indexed diffraction peaks at 37.9, 44.2, 64.2, and 77.3°
correspond to the (111), (200), (220), and (311) crystal planes of
face-centred-cubic silver, respectively (card no. 9013050). The
remaining diffraction peaks at 25.3° and 48.0° (anatase) and
27.3° and 54.1° (rutile) originate from commercial Degussa P25
(000640863 and 000211276 are card numbers of anatase and
rutile phases, respectively). XRD did not detect the small
amount of 5-ASA and Ag on the surface of TiO2 due to low
amounts and reduced nanoparticle size. Additionally, there are
no changes in the diffractogram of TiO2/5-ASA/Ag when
compared to the pristine TiO2, indicating that the functionali-
sation of TiO2 with ASA and Ag did not modify the crystalline
structure of the nanocatalysts.

The composition of the TiO2/5-ASA/Ag composite was esti-
mated using the ICP-OES technique aer digesting the hybrid
with concentrated HNO3 and H2O2. The experimental data
indicated 58 and 2.6 wt% of Ti and Ag in the TiO2/5-ASA/Ag
composite, respectively. Assuming a stoichiometric ratio
between Ti and O in TiO2, the content of TiO2 is around
96.5 wt%, while the remaining, about 1 wt%, is the content of
the organic phase (5-ASA), as data available in Table S1 in SI.

Optical changes aer each synthetic step were followed by
diffuse reection spectroscopy. The Kubelka–Munk trans-
formations87 of diffuse reection data for TiO2, TiO2/5-ASA, and
TiO2/5-ASA/Ag nanoparticles are shown in (Fig. 2d).

Unmodied TiO2 has a steep absorption increase towards
the UV spectral range starting from 400 nm. The TiO2/5-ASA
displays a signicant redshi with an absorption onset close to
800 nm induced by the ICT complex formation. The calculated
band gap, determined from the reectance spectra, is 3.8 and
1.6 eV for TiO2 and TiO2/5-ASA, respectively. The presence of
free electron-donating functional groups in the organic
component of the ICT complex, in this case, amino groups,
additionally shis absorption towards the near-infrared
Fig. 3 (A) Cross-sectional and tilted SEM images of porous membranes
fillers. SEM images of controls are at 250×magnification, while fillers are

© 2025 The Author(s). Published by the Royal Society of Chemistry
spectral region compared to the ICT complex with an organic
component without these types of functional groups.88 The
optical properties of the TiO2/5-ASA/Ag hybrids are similar to
the TiO2-based ICT complex with 5-ASA, since there is an over-
lap between the absorption of TiO2/5-ASA and the expected
position of the surface plasmon resonance band of a nanometre
in size Ag NPs.89
3.2 Polymer-based membranes characterisation

Aer characterising the synthesised nanoparticles and con-
rming their structural and optical properties, they were added
to porous polymeric matrices to obtain a nanocomposite
membrane with photocatalytic and antimicrobial properties.
The polymeric matrix exploited for the nanocomposite devel-
opment was PVDF-HFP, a synthetic and highly stable polymer,
and SF, a naturally derived polymer. SEM images of the
membranes (Fig. 3A) indicate the formation of well-distributed
micrometric porous structures by TIPS due to the thermally
induced phase separation process and the slow evaporation of
the solvent,90 the addition of NaCl as a porogen promotes the
formation of highly porous materials, regardless of the polymer
used.41 Adding TiO2/5-ASA and TiO2/5-ASA/Ag nanoparticles to
the PVDF-HFP polymer matrix did not result in a signicant
alteration of the membrane microstructure, nor did it promote
the formation of agglomerates compared to the pristine
membrane (Fig. 3A). Similarly, the morphology of the SF matrix
remained unchanged between the pure membrane and the
addition of NPs, maintaining a highly porous microstructure
with interconnected pores (Fig. 3B).

Contact angle measurements were performed to assess the
membranes' wettability. The PVDF-HFP-based membranes
revealed the typical hydrophobic behaviour, with the contact
angle increasing from 95° for the pristine PVDF-HFPmembrane
to 130° when the nanoparticles are incorporated into the
composed of PVDF-HFP and SF with TiO2/5-ASA and TiO2/5-ASA/Ag
at 1000×magnification. (B) Contact angle of the different membranes.
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polymeric matrix (Fig. 3B). These ndings align with the results
reported in the literature.7,83

Conversely, in SF-based membranes, the samples are
hydrophilic, and incorporating NPs enhances their hydrophi-
licity. The contact angle highly decreases from 90° for SF
membranes to 50° in the case of SF : TiO2/5-ASA and to 20° in
Fig. 4 FTIR spectra of the (A) PVDF-HFP-based and (B) SF-based membr
membranes; (E) b-phase quantification and degree of crystallinity of PV
membranes disclosed by deconvolution of the amide I bands.

4574 | RSC Sustainability, 2025, 3, 4568–4582
the case of SF : TiO2/5-ASA/Ag (Fig. 3B), a fact that increased
hydrophilicity with the incorporation of llers, which has been
previously reported.91

FTIR and DSC techniques, respectively, were used to inves-
tigate the chemical and thermal properties of the produced
membranes (Fig. 4).
anes; DSC thermograms of the (C) PVDF-HFP-based and (D) SF-based
DF-HFP-based membranes and (F) secondary structures of SF-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FTIR analysis assessed the vibrational bands of the polymer
matrices before and aer the incorporation of nanoparticles,
thereby providing insight into potential chemical interactions
between the polymer and nanoparticles. The FTIR spectra of the
PVDF-HFP-based membranes (Fig. 4A) reveal the presence of
characteristic bands associated with the b-phase of the polymer,
specically at 840 and 1400 cm−1, and the a-phase at
766 cm−1.42,92

The calculated b-phase content for each PVDF-HFP-based
membrane (eqn (1)) is illustrated in Fig. 4E, demonstrating
that the b-phase is the predominant phase across all
membranes, irrespective of nanoparticle addition. This obser-
vation aligns with previous ndings indicating that solvent
evaporation at room temperature predominantly induces the
crystallisation of PVDF-HFP in the electroactive b-phase.41,44,48,85

However, a slight reduction in b-phase content is observed upon
nanoparticle incorporation, which can be attributed to elec-
trostatic interactions between the polymer and nanollers
during crystallisation, consistent with existing literature.7

Fig. 4B presents the FTIR spectra of SF-based membranes.
The primary absorption bands for SF are observed at approxi-
mately 3300 cm−1 (NH stretching), 1620 cm−1 (C]O stretch-
ing), 1520 cm−1 (CN stretching and NH bending), and
1235 cm−1 (C–N stretching), which correspond to Amide A,
Amide I, Amide II, and Amide III, respectively.93 All these
absorption bands can be observed in the spectra, indicating
that the primary structure of the SF-based membranes is
preserved even when nanoparticles are incorporated. The
secondary structure of SF-based membranes was also investi-
gated by analysing the Amide I region at 1700–1580 cm−1. The
Amide I band deconvolution allowed to determine the relative
amount of b-sheet, random coils, a-helix and turns conforma-
tions in each sample (Fig. 4F). The b-sheet conformation is the
most prevalent, accounting for more than 60% of the total
amide I peak area in all samples. Thus, according to the degree
of crystallinity formula for SF compounds,94 the SF-based
membranes exceed 60% crystallinity, with the pristine SF
membrane exhibiting the highest values. On the other hand, in
nanoparticle-containing samples, the random coil structure
and a-helix increase compared to pristine ones, which suggests
a slight preference for amorphous conformation. This implies
that nanoparticles act as a steric impediment, restricting
protein chains from totally packing and thus crystalline units
from stabilising.

DSC measurements were also performed, which allowed to
study the melting temperature and the degree of crystallinity of
the membranes. Observing the DSC thermograms from PVDF-
HFP-based membranes (Fig. 4C), all the samples showed
similar behaviour with a single endothermic peak around 141 °
C corresponding to the melting temperature of the poly-
mers.41,86 Incorporating the nanoparticles did not signicantly
change the thermal stability of the crystalline phase, with
a melting temperature for the composites similar to that of the
pristine PVDF-HFP.

The calculated degree of crystallinity of the PVDF-HFP-based
membranes is shown in Fig. 4E. All the samples presented
a degree of crystallinity higher than 30%.48 However, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
incorporation of nanoparticles led to a decrease in the crystal-
linity of the membranes,41 as the nanoparticles acted as the
defect during the crystallisation process of the polymer.95 The
DSC thermograms of SF-based membranes (Fig. 4D) show that
all membranes exhibit similar behaviour regardless of the
addition of nanoparticles, indicating an endothermic peak
around 290 °C,96 attributed to the thermal degradation of
protein chains, essentially the decomposition of b-sheet crys-
talline units.97
3.3 Photocatalytic performance of nanocomposite
membranes

The ability of the membranes to degrade CIP through the
photocatalytic process was evaluated under UV and VIS irradi-
ation over time, with samples being withdrawn at determined
time intervals for UV-vis spectroscopy analysis and monitoring
of the highest absorbance peak of CIP (277 nm) (Fig. 5 and
summarised in Table 1).9 Before performing the photocatalytic
tests with the produced samples, the photostability of CIP was
evaluated under UV irradiation for 600 minutes, demonstrating
residual or slight degradation (0.006%) – Fig. S2A. Aerwards,
the photocatalytic activity of the pure PVDF-HFP membranes
and the PVDF-HFP/TiO2 and PVDF-HFP/Ag/TiO2 nano-
composites under UV irradiation was evaluated. It is essential to
note that all samples were le in the dark for 30 minutes to
reach the CIP adsorption/desorption equilibrium with the
produced pure polymeric and nanocomposite membranes. The
pure PVDF-HFP sample and the PVDF/TiO2/5-ASA/Ag sample
did not reveal any adsorption, and only the PVDF-HFP/TiO2/5-
ASA sample showed a slight adsorption of approximately 5%.
These results conrm the low affinity of CIP towards the matrix
and the photocatalytic nanoparticles in the absence of radia-
tion. Then, UV irradiation was started, and there was no CIP
degradation for the pure PVDF-HFPmembrane. The PVDF-HFP/
TiO2/5-ASA and PVDF/TiO2/5-ASA/Ag nanocomposite samples
showed z38% and z63% of CIP photocatalytic degradation
aer 600 minutes of irradiation, respectively.

Similarly, the SF/TiO2/5-ASA and SF/TiO2/5-ASA/Ag
membranes exhibit z38% and z50% photocatalytic activity
efficiencies for the same experimental conditions. These
results, obtained with PVDF-HFP and SF-based membranes,
along with the calculated reaction rates summarised in Table S2
in the SI, demonstrate the signicant improvement in the
pollutant's photocatalytic degradation efficiency when Ag is
added to the nano photocatalyst, which is approximately 1.7 in
PVDF-HFP membranes and 1.3 in the case of the SF.

Functionalizing TiO2/5-ASA with Ag improved the degrada-
tion efficiency of CIP under UV irradiation regardless of the
polymeric matrix. Literature has already addressed this
phenomenon, indicating that Ag nanoparticles in the meso-
porous TiO2 structure can induce a Schottky junction at the
interface, thus introducing intermediate energy levels.98 When
excited, electrons from the conduction bands (CB) transfer to
the Ag nanoparticles while the holes in the valence band (VB)
are retained in the TiO2, decreasing electron–hole recombina-
tion and prolonging the lifetime of the holes generated. As
RSC Sustainability, 2025, 3, 4568–4582 | 4575
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Fig. 5 Photocatalytic degradation of CIP (C0 = 5 mg L−1) with (A) PVDF-HFP and (B) SF-based membranes over 600 min of UV irradiation; with
(C) PVDF-HFP and (D) SF-based membranes over 600 min of VIS irradiation.

Table 1 CIP degradation efficiencies (%) under UV and VIS radiation
for the different pristine and nanocomposite membranes

Sample

Degradation (%)

UV Simulated sunlight (VIS)

PVDF-HFP y 0 13.1
PVDF-HFP : TiO2/5-ASA 38.4 —
PVDF-HFP : TiO2/5-ASA/Ag 63.4 62.4
SF y 0 16.9
SF : TiO2/5-ASA 37.6 —
SF : TiO2/5-ASA/Ag 50.3 70.8
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a result, the photocatalytic activity of the composite is
enhanced.40,99 Additionally, it has been shown that Ag in the
nanocomposite extends the TiO2 absorption range from UV to
visible regions through surface plasmon resonance, coupled
with a band gap reduction.100 These ndings are backed up by
the characterisation of the nanoparticles, which reveals reec-
tance in the visible range (∼500 nm), and the calculation of the
bandgap (Fig. 2D).

TiO2/5-ASA/Ag nanoparticles were tested in suspension in
a CIP solution under Xenon lamp irradiation to conrm this.
These tests revealed degradation efficiencies of ∼84% in 90
minutes of exposure (Fig. S1A and S1B), which corroborates the
ndings presented in previous literature.11,101 Aer conrming
4576 | RSC Sustainability, 2025, 3, 4568–4582
the ability of the particles to absorb visible radiation, we have
also assessed the photocatalytic activity of the TiO2/5-ASA/Ag
nanoparticles immobilised into PVDF-HFP and SF matrices
under a Xenon lamp irradiation for 600 min (Fig. 5C and D).
Similarly to the UV assays, the rst tests were performed with
the pristine membranes under simulated sunlight irradiation
(VIS), revealing a CIP removal of 13% for PVDF-HFP and about
17% for SF.

Regarding the nanocomposite membranes, the PVDF-HFP :
TiO2/5-ASA/Agmembrane degradation efficiency overperformed
by attaining 62% of ciprooxacin degradation. SF : TiO2/5-ASA/
Ag membrane degradation efficiency accomplished values
higher than 71%, representing an increase of 49% and 54%
compared to the corresponding controls, PVDF-HFP and SF
(Table 1). Considering that the photocatalytic nanoparticles
used in both polymeric nanocomposite membranes are the
same and that the porous microstructure resembles both
polymer matrices, it is possible to understand that the obtained
microstructure is superimposed over wettability. In detail, the
photocatalytic results obtained with the PVDF-HFP-based
matrices (hydrophobic Fig. 3B) are similar to the ones ob-
tained with the SF-based membranes (hydrophilic Fig. 3B).
Thus, the employed processing method, salt leaching combined
with solvent casting, led to interconnected pores in both poly-
mer matrices, which is essential for the percolation of the
solution across the porous microstructure of the membrane,
more easily exposing the photocatalytic nanoparticles to contact
© 2025 The Author(s). Published by the Royal Society of Chemistry
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with CIP, leading to increasing degradation efficiency. This
processing method allowed the creation of similar porous
microstructures for the PVDF-HFP and SF matrices, which also
aids in explaining the similarities of the obtained results. To
wrap up, the use of natural polymer matrices is validated in
comparison with a synthetic polymer, which results from the
proper processing of the polymer and porous tuning.

The literature extensively reports the incorporation of llers
on polymeric substrates for photocatalytic applications.102,103

Semiconductors such as TiO2 have been mentioned to be
incorporated into substrates such as polyethylene terephthalate
(PET) for degrading antibiotics like trimethoprim. The
composite has exhibited a degradation efficiency of 90%, uti-
lising a UV radiation intensity of 500 W m−2 and an initial
concentration ve times lower than that employed in this
study.104 Previous studies have also reported NPs functionalised
with noble metals, such as Au/TiO2. For instance, 10% of these
particles were immobilised on PVDF-HFP membranes to
degrade noroxacin, an antibiotic from the same group as the
one used in this paper, yielding similar degradation rates of 2 ×

10−3 min−1.39 Natural polymers have also been used as
substrates for immobilising photocatalysts. Yontar et al.105

processed polyvinyl alcohol (PVA) lms by TIPS with 25% pho-
tocatalytic plant extracts, with the result that 0.2 g of lm was
capable of removing 61.3% of methylene blue (10 mg L−1).
Chitosan was used as a matrix for copper (Cu) in degrading
Congo red dye, demonstrating high removal efficiencies for
three consecutive cycles.106
Fig. 6 Photocatalytic degradation of CIP (C0= 5mg L−1) in three consecu
(A) UV, (B) VIS and their respective degradation efficiency (%) in (C) and

© 2025 The Author(s). Published by the Royal Society of Chemistry
The study presents an innovative approach to the green
functionalisation of nanoparticles within a natural polymer.
This exploits the synergy with SF's porous microstructure,
providing a sustainable and efficient alternative to the typical
photocatalytic materials. This sustainable method efficiently
degrades emerging contaminants and explores solar radiation
as a renewable energy source, with no similar research pub-
lished to date.
3.3 Reusability of the SF : TiO2/5-ASA/Ag membranes

Since the reuse of PVDF has already been studied11,38 and on the
other hand, SF represents a more sustainable approach, where
its reuse is less studied; therefore, a study on the reuse of SF :
TiO2/5-ASA/Ag membranes for three cycles under UV and
simulated solar irradiation was performed. The results are
presented in Fig. 6A and C (UV irradiation) and Fig. 6B and D
(simulated solar irradiation). The experiments were carried out
to assess the reproducibility of the material and its reusability.
The same experimental conditions were employed as those
previously described, in which the membranes were washed
with ultrapure water and dried at room temperature between
uses before returning to contact with a fresh CIP solution and
radiation exposure.

The analysis of the results regarding the degradation effi-
ciencies of the rst and the third use shows that the particles
and the polymer are efficiently attached, corroborated by the
low efficiency losses, which are around 9% and 6% for UV and
tive uses of SF : TiO2/5-ASA/Agmembranes irradiated for 600minwith
(D).

RSC Sustainability, 2025, 3, 4568–4582 | 4577
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VIS degradation (Fig. 6C and D).107 This agrees with what is
reported in the literature, where, for instance, Momeni et al.,
observed losses of 7% aer cycles of methylene blue degrada-
tion.108 Furthermore, in another study, Zhou et al. used
Ag@AgCl on polyurethane/silk broin porous lms to degrade
a model organic pollutant (Rhodamine B). The composite
material was subjected to consecutive cycles, resulting in
slightly more signicant efficiency losses than those obtained in
this work.109 An inefficient immobilisation or a more supercial
deposition of the particles is pointed out as one of the possible
causes of the leaching of the particles for the loss of efficiency in
CIP degradation aer the rst use.110

The herein produced SF-based membrane has demonstrated
suitability for immobilising photocatalysts, as evidenced by the
high efficiencies and low reuse losses observed, indicating the
stability of the produced membranes. If the microstructure of
the membrane or the attachment of nanoparticles were
compromised, the efficiency loss would have increased signi-
cantly between uses. Ultimately, this approach constitutes
a green and biodegradable alternative to synthetic membranes
in terms of performance and long-term stability.
3.4 Antimicrobial properties of nanocomposite membranes

The antimicrobial performance of the membranes was also
evaluated towards S. epidermidis and E. coli, herein used as
Gram-positive and Gram-negative bacteria models. While E. coli
Fig. 7 . Antibacterial activity of (A) PVDF-HFP-based membranes and
reduction, and dichlorofluorescein fluorescence intensity in E. coli in
membranes, in “normal” conditions and after application of the sun-mim

4578 | RSC Sustainability, 2025, 3, 4568–4582
and S. epidermidis are bacteria commonly found in various
environments, including on surfaces and in materials, E. coli is
commonly found in contaminated water, posing signicant
risks to human health and the environment.111

Overall, E. coli was found to be more susceptible to both silk
and PVDF-based materials, showing higher bacterial log10
reductions when compared to S. epidermidis (Fig. 7A and B).
When the nanoparticles were present in the material, bacterial
load was reduced for E. coli 1–2 log10 and S. epidermidis 0.5
log10, mainly when the particles were functionalised with silver
(Fig. 7A and B). Silver has long been recognised as a potent
antimicrobial due to its ability to disrupt cell membranes, bind
to proteins, interfere with DNA, and generate ROS oxygen
species, which collectively inhibit bacterial growth.112 Never-
theless, since the material was found to possess photocatalytic
properties, mainly in the presence of silver, due to the shi in
the plasmon resonance of the particles to the visible range,
making them able to induce the formation of ROS through
photocatalytic events (Fig. S1a and b), a quantication of ROS
was performed.

Thus, besides the antimicrobial effect of silver, it is accept-
able to assume that the formation of ROS can disrupt the
bacterial cell's structure and function, ultimately killing the
microorganisms. Thus, to prove this concept, the quantication
of ROS on the most susceptible bacterium (E. coli), aer
applying a sun-mimicking light (VIS), was performed (Fig. 7C
(B) SF-based membranes in terms of E. coli and S. epidermidis log10
contact with (C) PVDF-HFP-based membranes and (D) SF-based
icking light.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and D). According to the results, this light, which includes UV
wavelengths typically present in the sunlight (3–5%), induces
the highest percentage of ROS. This nding demonstrates that
developing photocatalytic materials engineered to produce ROS
makes them valuable for antibacterial purposes. Nevertheless, it
is essential to highlight that ROS formation is present even in
typical bacterial cultures without light.113 Some nanoparticles,
particularly those made of TiO2 and Ag, can undergo chemical
reactions or even release ions, resulting in the generation of
ROS.

As mentioned before, the effect of the tested material,
regardless of the type of matrix used, was more pronounced
with E. coli, which is one of the most problematic bacteria in the
environment.114 The differences in the cell wall's composition
and the outer membrane of the bacteria used herein may be the
reason why E. coli is more susceptible compared to S. epi-
dermidis. E. coli is a Gram-negative bacterium with a thinner
peptidoglycan layer in its cell wall compared to S. epidermidis,
a Gram-positive bacterium with a thicker peptidoglycan layer.
The thinner cell wall of E. coli may make it more susceptible to
damage from physical and chemical agents present in mate-
rials.115 Moreover, E. coli has an outer membrane that contains
lipopolysaccharides (LPS), which can be more susceptible to
disruption by certain materials or environmental conditions.116

This outer membrane provides less protection than the thick
peptidoglycan layer of Gram-positive bacteria like S.
epidermidis.

4. Conclusions

Aquatic contamination constitutes a global crisis for the present
and future of the environment and humanity. New technologies
and materials that can efficiently remove persistent contami-
nants, such as ciprooxacin (CIP), are needed. This study
successfully employed a green approach to produce TiO2

nanoparticles functionalised with salicylic acid and smaller Ag
nanoparticles (TiO2/5-ASA and TiO2/5-ASA/Ag), endowing the
pristine TiO2 material with the absorption of visible range
radiation. This was experimentally conrmed by band gap
reduction from 3.6 to 1.6 eV and photocatalytic degradation of
CIP under simulated solar radiation (% deg) using TiO2/5-ASA
and TiO2/5-ASA/Ag nanoparticles. Aerwards, these active
nanoparticles were immobilised into two different polymer
matrices: high-performing synthetic PVDF-HFP and natural Silk
Fibroin – SF. The same solvent casting and salt leaching tech-
niques were employed to obtain an interconnected, highly
porous microstructure in both PVDF-HFP and SF membranes.
The characterisation of the nanocomposite membranes indi-
cated that incorporating the TiO2/5-ASA and TiO2/5-ASA/Ag
nanoparticles into the polymer matrices did not signicantly
change the membrane's physical–chemical properties, con-
rming the robustness of both polymeric photocatalytic nano-
composites. The PVDF-HFP : TiO2/5-ASA/Ag sample
outperformed, degrading 63 and 62% of CIP under UV and
simulated solar irradiation, respectively. The SF : TiO2/5-ASA/Ag
nanocomposites accomplished 50 and 71% degradation under
the same conditions and retained their efficiency with a loss of
© 2025 The Author(s). Published by the Royal Society of Chemistry
less than 10% loss aer three consecutive cycles. These results
validate solvent casting and salt leaching techniques for
synthetic and natural polymer matrices for photocatalytic
applications. Furthermore, the distinct physicochemical char-
acteristics of the membranes illustrate a variation in nano-
particle encapsulation, which may lead to disparate
performances between PVDF-HFP and SF. When considered
alongside their natural origins, SF membranes could be utilised
in diverse aquatic environments with varying contaminants,
potentially supplanting high-performance polymers. The vali-
dation of SF nanocomposite membranes' reusability is also
paramount, as natural-based materials are commonly associ-
ated with low reusability/robustness. The materials evaluation
also conrmed the antimicrobial properties of all the nano-
composites containing Ag, with a reduction in bacterial load by
1–2 log10, likely due to ROS formation.

In short, this work lays a solid foundation for the future of
multifunctional materials based on natural polymers in water
decontamination. Employing the robust processing technique
can mitigate intrinsic material differences, favouring their
efficient functional practicability.
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G.Wiergowska andM. K. Woźniak,Microchem. J., 2019, 147,
729–740.
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J. M. Nedeljković, D. K. Macharia, M. Ciprian, S. Yang and
F. Ko, J. Mater. Chem. C, 2023, 11, 5796–5805.

38 J. M. Queirós, H. Salazar, A. Valverde, G. Botelho,
R. Fernández de Luis, J. Teixeira, P. M. Martins and
S. Lanceros-Mendez, Chemosphere, 2022, 307, 135922.

39 P. M. Martins, B. Santos, H. Salazar, S. A. C. Carabineiro,
G. Botelho, C. J. Tavares and S. Lanceros-Mendez,
Chemosphere, 2022, 293, 133548.

40 P. Martins, S. Kappert, H. Nga Le, V. Sebastian, K. Kühn,
M. Alves, L. Pereira, G. Cuniberti, M. Melle-Franco and
S. Lanceros-Méndez, Catalysts, 2020, 10, 234.

41 F. Zheng, P. M. Martins, J. M. Queirós, C. J. Tavares,
J. L. Vilas-Vilela, S. Lanceros-Méndez and J. Reguera,
Chemosphere, 2023, 313, 137630.

42 P. M. Martins, J. M. Ribeiro, S. Teixeira, D. Y. Petrovykh,
G. Cuniberti, L. Pereira and S. Lanceros-Méndez,
Materials, 2019, 12, 1649.

43 S. Singh, H. Mahalingam and P. K. Singh, Appl. Catal., A,
2013, 462, 178–195.

44 C. M. Costa, V. F. Cardoso, P. Martins, D. M. Correia,
R. Gonçalves, P. Costa, V. Correia, C. Ribeiro,
M. M. Fernandes and P. M. Martins, Chem. Rev., 2023,
123, 11392–11487.

45 H. Salazar, J. Nunes-Pereira, D. Correia, V. Cardoso,
R. Gonçalves, P. Martins, S. Ferdov, M. Martins,
G. Botelho and S. Lanceros-Méndez, Mater. Chem. Phys.,
2016, 183, 430–438.

46 H. Salazar, P. M. Martins, A. Valverde, R. Fernández de Luis,
J. L. Vilas-Vilela, S. Ferdov, G. Botelho and S. Lanceros-
Mendez, Adv. Mater. Interfaces, 2022, 9, 2101419.

47 P. Martins, B. Santos, H. Salazar, S. A. Carabineiro,
G. Botelho, C. J. Tavares and S. Lanceros-Mendez,
Chemosphere, 2022, 293, 133548.

48 C. Ribeiro, C. M. Costa, D. M. Correia, J. Nunes-Pereira,
J. Oliveira, P. Martins, R. Gonçalves, V. F. Cardoso and
S. Lanceros-Mendez, Nat. Protoc., 2018, 13, 681–704.

49 F. Zheng, P. M. Martins, J. M. Queirós, C. J. Tavares,
J. L. Vilas-Vilela, S. Lanceros-Méndez and J. Reguera, Int.
J. Mol. Sci., 2022, 23, 13741.

50 P. Yadav, N. Ismail, M. Essalhi, M. Tysklind,
D. Athanassiadis and N. Tavajohi, J. Membr. Sci., 2021,
622, 118987.

51 I. Jahan and L. Zhang, J. Polym. Environ., 2021, 1–21.
52 R. Lohmann, I. T. Cousins, J. C. DeWitt, J. Gluge,

G. Goldenman, D. Herzke, A. B. Lindstrom, M. F. Miller,
C. A. Ng and S. Patton, Environ. Sci. Technol., 2020, 54,
12820–12828.

53 H. S. Auta, C. Emenike and S. Fauziah, Environ. Int., 2017,
102, 165–176.

54 M. M. Borges-Ramı́rez, E. F. Mendoza-Franco, G. Escalona-
Segura and J. Rendón-von Osten, Environ. Pollut., 2020, 267,
115659.

55 N. P. Ivleva, A. C. Wiesheu and R. Niessner, Angew. Chem.,
Int. Ed., 2017, 56, 1720–1739.

56 A. C. Silva, A. J. Silvestre, C. Vilela and C. S. Freire,
Molecules, 2021, 27, 94.
© 2025 The Author(s). Published by the Royal Society of Chemistry
57 D. Ayre, Curr. Opin. Green Sustainable Chem., 2018, 13, 108–
112.

58 E. Matei, A. M. Predescu, M. Râpă, A. A.Țurcanu, I. Mateş,
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