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This work presents the development of multifunctional polymeric membranes incorporating green-
synthesized carbon dots (CDs) that simultaneously enable the photodegradation of methylene blue (MB)

and exhibit antibacterial activity. CDs containing nitrogen and oxygen heteroatoms were synthesized

from natural precursors and embedded into hydrophilic (PVA/PAA) and hydrophobic (PPSU) polymeric

matrices via a phase-inversion method. The physicochemical properties of the membranes were
characterized by FTIR and SEM, revealing changes in chemical interactions, morphology, and porosity

induced by CD

incorporation.

The resulting nanostructured membranes exhibited enhanced

photocatalytic performance under light irradiation, achieving rapid dye removal within the first 24 h and

promoting advanced oxidation of MB, as supported by chemical oxygen demand (COD) analysis. In

addition, the membranes demonstrated strong antibacterial activity against representative Gram-positive

and Gram-negative bacteria,

with  high

inhibition efficiency maintained under simultaneous

photocatalytic conditions. The improved performance is attributed to the photoactive nature of CDs,
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their ability to generate reactive oxygen species, and their interactions with the polymer matrices.

Overall, this study demonstrates that green-synthesized CD-based membranes represent an effective

DOI: 10.1039/d6ra00999%a

rsc.li/rsc-advances applications.

1. Introduction

Water pollution has emerged as a critical global challenge,
driven by the continuous discharge of anthropogenic contami-
nants into rivers and groundwater systems. Among these
pollutants, synthetic dyes (primarily released from the textile
and leather industries) are of particular concern due to their
high chemical stability, persistence in aquatic environments,
and detrimental effects on flora and fauna. Methylene blue
(MB), a synthetic dye widely employed in the textile, paper, and
pharmaceutical industries, has become a major source of water
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and sustainable strategy for integrated pollutant degradation and microbial control in water treatment

pollution." Due to its high solubility and stability, MB is difficult
to remove by conventional treatments and persists in the envi-
ronment, adversely affecting both water quality and aquatic life.
Moreover, its presence at elevated concentrations can induce
toxic effects in aquatic organisms and pose a potential risk to
human health.>® Therefore, the efficient removal of this
compound has emerged as a crucial challenge in industrial
wastewater treatment.

In this context, nanostructured polymeric membranes have
emerged as a promising alternative, offering advantages such as
high selectivity and enhanced degradation capacity.*
Membranes employed for dye photodegradation encompass
a wide range of configurations and compositions, specifically
engineered to integrate both separation and photocatalytic
functions, owing to their versatility, ease of processing, and
compatibility with photocatalytic nanomaterials.> Among these,
hydrophilic polymers such as polyvinyl alcohol (PVA) and
polyacrylic acid (PAA) have proven to be efficient matrices for
the incorporation of semiconductor oxides (e.g., CDs, TiO,,
ZnO, or BiV0O,),*” owing to their strong water affinity, good
mechanical stability, and ability to form crosslinked networks
that enhance nanoparticle dispersion, thereby optimizing light-
induced photocatalytic pollutant interactions. Similarly,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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polyphenylsulfone (PPSU) has been established as a robust,
chemically resistant polymeric matrix, particularly suitable for
applications under harsh conditions, thereby enabling the
stable immobilization of photocatalysts without compromising
the membrane's structural integrity.®

Among emerging nanomaterials, carbon dots (CDs) have
attracted significant attention for photocatalytic pollutant
degradation and water treatment applications due to their
tunable optical properties, low toxicity, and high surface func-
tionality.® These nanomaterials exhibit strong light absorption,
efficient charge separation, and the ability to generate reactive
oxygen species (ROS), which are essential for oxidative degra-
dation processes.” Recent studies have demonstrated that CD-
based systems, including hybrid membranes and heteroatom-
doped CDs, can significantly enhance photocatalytic perfor-
mance under visible-light irradiation, thereby improving dye
degradation efficiency and operational stability. In particular,
heteroatom doping (e.g., nitrogen and oxygen) introduces
surface defect states that facilitate charge transfer and ROS
generation, thereby boosting photoreactivity.***>

Despite these advances, most reported CD-based photo-
catalytic systems primarily focus on single-function applica-
tions, particularly pollutant degradation under controlled
irradiation conditions.* In contrast, limited attention has been
given to multifunctional systems capable of simultaneously
addressing organic pollutants and microbial contamination
under realistic conditions."* Additionally, many reported
approaches rely on synthetic precursors or complex fabrication
strategies, which may limit their environmental compatibility
and scalability.*>** Therefore, the development of sustainable,
multifunctional systems based on green-synthesized CDs
represents a relevant research opportunity.

The incorporation of CDs into photocatalytic membranes
has emerged as a highly promising strategy for the efficient
degradation of dyes in aqueous media, owing to their photo-
active properties and ability to interact with a wide variety of
chemical and biological species.”® These nanomaterials, char-
acterized by sizes below 10 nm and high surface functionality,
significantly enhance light absorption and promote electron-
hole separation while maintaining excellent compatibility with
both polymeric and ceramic matrices. Recent studies have
demonstrated that the impregnation of CDs into membranes
confers improved properties, including enhanced photo-
catalytic activity, thermal stability, and efficiency in the degra-
dation of methylene blue under illumination.*®

Photocatalytic degradation of MB supported on membranes
is an effective strategy for removing this contaminant from
aqueous media, leveraging the synergy between selective dye
adsorption and the nanomaterial's photocatalytic activity.
Furthermore, this approach endows the membranes with self-
cleaning properties and extends their operational lifespan,
thereby reducing the overall costs of wastewater treatment."” In
this work, multifunctional nanostructured membranes incor-
porating green-synthesized carbon dots derived from natural
sources are developed using PVA/PAA and PPSU polymeric
matrices. The study systematically evaluates the influence of
polymeric environment (hydrophilic vs. hydrophobic) on

© 2026 The Author(s). Published by the Royal Society of Chemistry
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photocatalytic performance, as well as the role of CDs in
enhancing both dye degradation and antibacterial activity.
Additionally, the performance of the membranes is assessed
under natural solar irradiation, providing a more realistic
evaluation than conventional studies using artificial light
sources. This work provides new insights into the synergistic
interaction between CDs and polymeric matrices, contributing
to the design of sustainable and efficient materials for water
treatment applications.

2. Experimental

2.1. Synthesis of CDs by green sources

The synthesis of CDs was performed as described in our
previous report.'® Briefly, a mixture was prepared from three
natural precursors: lemon juice, aloe vera pulp, and green tea
infusion. The aloe vera pulp was first homogenized together
with the lemon juice, after which both were incorporated into
the green tea infusion. The resulting mixture was transferred to
a hydrothermal reactor and heated at 200 °C for 6 h (patent
request MX/a/2025/002403) to synthesize carbon dots. To
determine the morphology of CDs, high-resolution trans-
mission electron microscopy (HRTEM) analyses were per-
formed using a JEOL JEM-2200FS+CS microscope, equipped
with a tungsten filament and operated at 200 kV. The chemical
composition of CDs and nanostructured membranes was
determined using Fourier transform infrared (FTIR) spectros-
copy. Measurements were performed using a PerkinElmer
instrument equipped with an ATR accessory. Spectra were
recorded over the range of 4000-400 cm ™', with 20 scans at
a resolution of 4 cm ™. Fluorescence measurements of aqueous
CD solutions were performed in a quartz cuvette using a spec-
trophotometer (Agilent Cary Eclipse) with excitation at different
wavelengths. Emission spectra were recorded from 330 to
390 nm. Dynamic light scattering (DLS) measurements were
conducted with CDs in solution using an Anton Paar Litesizer
500 particle analyzer.

2.2. Fabrication of nanostructured membranes

Polyvinyl alcohol (PVA, M,, 89 000-98 000, 99% hydrolyzed) and
polyacrylic acid (PAA, M, 450 000) were purchased from Sigma-
Aldrich. To compare the performance of common polymers
used in water filtration, polyphenylsulfone (PPSU, Radel-5550®)
was purchased from Sigma-Aldrich. For this purpose, two types
of membranes were prepared: the first was based on a polymeric
matrix composed of polyvinyl alcohol (PVA) and polyacrylic acid
(PAA). They were used in a 2:1 ratio, corresponding to
concentrations of 10 wt% and 5 wt%, respectively, while the
second used polyphenylsulfone (PPSU) at 12% p/p in di-
methylformamide (DMF). In both cases, the CDs were incor-
porated during membrane fabrication, which was carried out by
phase inversion via solvent exchange, with distilled water as the
nonsolvent. Once the membranes were obtained, they were
cross-linked in an oven at 120 °C for 3 hours.

To evaluate the morphology of PVA/PAA and PPSU upon the
addition of CDs, SEM micrographs were obtained using a JEOL
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JSM-6610LV. The analysis was performed at the surface of each
sample, and a cryogenic fracture was obtained to analyze the
transversal section of each membrane. To calculate the porosity
of each membrane (¢), defined as the ratio between the pore
volume and the total volume of the porous membrane, gravi-
metric measurements of the retained water were performed,
according to eqn (1), based on the gravimetric method
commonly used for porous membranes*

(wr — wa)
_ dy,
&= o = wy) W x 100 (1)

dy d,

where w, represents the weight of the wet membrane, w, is the
weight of the dry membrane, d,, is the density of pure water
(0.998 g cm™?), and d,, is the density of the polymer (1.31 gcm
for PPSU and 1.28 ¢ cm ™ for PVA/PAA, respectively).

2.3. Photodegradation assays

Photodegradation experiments were carried out using MB as
a model contaminant at initial concentrations of 2, 4, 6, 8, and
10 ppm. For each experiment, membrane fragments measuring
1 x 1 cm® were prepared and brought into contact with 10 mL of
the dye solutions at the predetermined concentrations. Each
system was placed in a sealed vial containing the MB solution
and the membrane fragment, then exposed to natural solar
radiation by positioning the vials on a window facing direct
sunlight. The photodegradation process was monitored over 7
days, with the solution's absorbance measured periodically to
assess the rate of dye degradation. Methylene blue degradation
was monitored in a quartz cell using a BK-UV1800PC spectro-
photometer, with scans from 200 to 800 nm. For each
measurement, a 1 mL aliquot was withdrawn directly from the
vial, analyzed, and returned to the system, maintaining
a constant total volume. Additionally, dark control experiments
were performed using the same procedure, except that the vials
were kept completely shielded from solar light. Likewise, during
absorbance measurements, the vials were adequately covered to
prevent interference from accidental sunlight exposure.

The photocatalytic degradation kinetics of methylene blue
were analyzed using a pseudo-first-order model based on the
Langmuir-Hinshelwood approach, according to:

In (%(:) =kt (2)

where C, and C, are the dye concentrations at initial time and
time ¢, respectively, and k is the apparent rate constant.*

To investigate the potential involvement of reactive oxygen
species (ROS) in the photocatalytic degradation of methylene
blue (MB), experiments were conducted with scavenging agents,
including isopropanol (IPA) as a neutralizer of the hydroxyl
radical ("OH). A defined volume of IPA (100 pL) was added to the
MB solution before the membrane was introduced. Experi-
mental conditions (MB concentration, solution volume,
membrane size, and light exposure) were maintained identi-
cally to those wused in the photocatalytic degradation
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experiments. The degradation process was monitored by UV-Vis
spectroscopy under the same conditions, and the results were
compared with control experiments performed in the absence
of IPA>*

2.4. Chemical oxygen demand (COD) assays

Chemical oxygen demand (COD) measurements were per-
formed using the reactor digestion method, employing high-
range COD digestion vials (20-1500 mg L"), a HACH DRB200
digestion reactor, and a HACH DR 6000 spectrophotometer. The
procedure was performed in accordance with Standard Method
5220D.* Briefly, 2 mL of each sample was added to the diges-
tion vials (deionized water as the blank). The vials were sealed,
gently shaken, and then heated to 150 °C for 2 h. After diges-
tion, the vials were cooled to room temperature. COD was
determined spectrophotometrically at 620 nm, beginning with
the blank, then the samples, and the final COD values were
expressed as percentages (%).

2.5. Antibacterial performance

For the antibacterial assays, Gram-positive Staphylococcus
aureus (ATCC No. 6538) and Gram-negative Pseudomonas aeru-
ginosa (ATCC No. 13388) strains were cultured in Luria-Bertani
(LB) broth. Membrane testing was conducted in accordance
with ASTM E2149, “Standard Test Method for Determining the
Antimicrobial Activity of Antimicrobial Agents Under Dynamic
Contact Conditions,” with slight adaptations, using 1 cm” of
membrane per test. The bacterial inoculum of S. aureus and P.
aeruginosa was adjusted to 1 x 10> colony-forming units (CFU
mL ™). Antibacterial tests were performed at different contact
times (1, 3, and 24 hours) and incubated at 37 °C. After incu-
bation, a 50 uL aliquot was plated onto LB agar and incubated
for 16 hours at 37 °C.

The antibacterial activity (AA) percentage was calculated
using the following equation, according to the approaches
described in the literature*

(3)

AA — (Control - sample) « 100

Control

3. Results and discussion

3.1. Green synthesis of CDs

The green synthesis of CDs was performed via the hydrothermal
method, using a mixture of natural sources (aloe vera, lemon
juice, and green tea), as described in our previous work.'® The
CDs characterization is shown in Fig. 1. Fig. 1a shows repre-
sentative HRTEM micrographs of CDs, revealing quasi-
spherical particles with diameters ranging from 6 to 30 nm,
with the most frequent distribution between 14 and 18 nm.
These clusters are attributed to solvent evaporation during
sample preparation used to obtain the powder 14, a character-
istic of CDs obtained from natural sources such as leaves,
biomass, and lemon juice 15-17, indicating amorphous carbon
degradation during the hydrothermal process and the role of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Physicochemical characterization of carbon dots (CDs) synthesized from natural sources. (a) HRTEM micrographs showing quasi-
spherical morphology and particle size distribution. (b) FTIR spectrum indicating the presence of oxygen- and nitrogen-containing functional
groups. (c) UV-Vis absorption and photoluminescence (PL) spectra, along with digital photographs under visible and UV light, demonstrating blue
emission. (d) Dynamic light scattering (DLS) analysis showing the hydrodynamic size distribution of CDs in aqueous dispersion.

the organic composition in the formation of CDs. FTIR
measurements of the CDs powder demonstrate the chemical
composition induced by the natural source, as shown in Fig. 1b.
The spectrum revealed several characteristic absorption bands.
A broad signal around 3257 cm™ ' corresponds to the stretching
vibrations of O-H and N-H groups, which are associated with
enhanced water solubility and stability in aqueous media. The
bands located at 2978, 2879, 956, 730, and 621 cm ' are
attributed to C-H bending vibrations, suggesting the presence
of methyl or methylene groups.?* The band at 1700 cm™*
corresponds to the C=O stretching vibration, indicative of
functional groups such as ketones, aldehydes, or carboxylic
acids. Additionally, the signals at 1664 and 1563 cm ' are
assigned to C=C stretching vibrations, suggesting the presence
of conjugated double-bond structures.>® The bands observed at
1384, 1246, and 1070 cm ' are attributed to C-N stretching
vibrations, indicating the possible presence of amine, amide, or
nitrile groups. Finally, the band at 1146 cm ™' corresponds to
the C-O stretching vibration, suggesting the presence of ether,
ester, or alcohol groups,* indicating the presence of hetero-
atoms at the surface of CDs, consistent with previous
reports.>”° Photoluminescence (PL) spectra presented in
Fig. 1c indicate that the CDs exhibit a maximum emission

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

intensity at 428 nm, characteristic of blue emission in the
visible spectrum. This behavior suggests that the crystalline size
of the CDs falls within the typical range associated with this type
of emission.® Furthermore, the observed emission may be
attributable to carbon functional groups bearing heteroatoms,
such as nitrogen and oxygen, incorporated into the CDs'
structure.®” This distinctive feature arises from energy states
associated with surface defects of the nanoparticles.*® One of
the most widely accepted fluorescence mechanisms in CDs is
attributed to their surface states, which encompass the oxida-
tion level and the nature of the functional groups present on
their surface.®>* To corroborate the effect of the CDs dispersion
in water, DLS measurements were performed (Fig. 1d), allowing
evaluation of the hydrodynamic size of the particles in colloidal
media and assessment of their stability by detecting potential
aggregation or agglomeration processes. The resulting spec-
trum shows a broad size distribution with an average particle
size of 1.52 nm. This discrepancy, when compared to the sizes
observed by HRTEM, confirms the presence of aggregates in the
solid state and the lack of particle uniformity. Such heteroge-
neity is a common limitation in the synthesis of CDs from
natural sources using green chemistry methods.

RSC Adv, 2026, 16, 19128-19143 | 19131
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3.2. Physicochemical behavior of nanostructured
membranes

Fig. 2 shows the FTIR spectra of the pristine PVA/PAA and PVA/
PAA-CDs membranes, which display the characteristic bands of
both polymers and variations induced by CDs incorporation
into the polymeric matrix. As expected, characteristic vibra-
tional bands corresponding to C=0, C=C, C-N, C-C, and C-H
bonds inherent to PVA and PAA were identified, located within
the 400-1750 cm™" region. These signals are attributed to
bending and stretching modes associated with these bonds, in
good agreement with those reported in the literature for these
polymers.* After the incorporation of CDs, the spectrum retains
the main structural signals of the PVA/PAA matrix, indicating
that the inclusion of CDs does not chemically alter the polymer
backbone. However, a broadening and increase in the intensity
of the -OH band (~3300 cm ') are observed, indicating

” C-H
O-H

Transmittance (%)
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PVA/PAA-CDs
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T T T T T T N,
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interaction between the hydroxyl and carboxyl surface groups of
the CDs and the polymeric chains via hydrogen bonding.
Likewise, a slight shift toward lower wavenumbers in the C=0
peak (~1720 cm ') indicates electrostatic interactions or partial
bond formation between the carbonyl groups of PAA and the
oxygen-containing functional groups of the CDs. This behavior
indicates that the organic source of CDs and their chemical
composition play a key role in their interactions with
membranes during processing, consistent with ref. 36 and 37.

The morphological arrangement of PVA/PAA and PVA/PAA-
CDs membranes was determined from SEM micrographs, as
shown in the scheme of surface (Fig. 2b and c), and the trans-
versal section (Fig. 2d and e), respectively. The pristine PVA/PAA
surface (Fig. 2b) shows a homogeneous, continuous, and defect-
free morphology, exhibiting a smooth topography characteristic
of well-compatibilized polymer blends.*® The absence of cracks,
aggregates, or irregularities suggests good miscibility between

4750 1500 1250 1000 750 500

Wavenumber (cm'1)

Fig.2 Chemical and morphological characterization of PVA/PAA membranes and the effect of CDs incorporation. (a) FTIR spectra with zoomed
region (2000-400 cm™?) highlighting changes in functional groups due to CDs. (b and c) Surface SEM micrographs of pristine PVA/PAA and PVA/
PAA-CDs membranes, respectively, showing morphological differences and CD dispersion. (d and e) Cross-sectional SEM images obtained by
cryogenic fracture, illustrating membrane thickness and internal structure.
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the PVA and PAA chains, consistent with hydrogen bonding
between the hydroxyl and carboxyl groups of both components.
In contrast, the surface of the PVA/PAA-CDs membrane (Fig. 2c)
exhibits slight textural variations, with microdomains or bright
spots uniformly distributed across the surface, which can be
attributed to CDs either embedded within the membrane or
partially exposed at the surface. Although the material main-
tains its structural integrity, these surface irregularities indicate
that the incorporation of CDs induces local morphological
modifications, suggesting physical interactions between the
oxygen-containing functional groups of the CDs and the poly-
meric chains. These interactions, likely hydrogen bonding or -
T stacking, may increase surface energy and slightly increase
roughness without compromising the material's continuity.
Additionally, the absence of large aggregates or fractures indi-
cates good dispersion of CDs within the matrix, facilitated by
the chemical affinity between the hydroxyl and carboxyl groups
of PVA/PAA and the surface functional species of the CDs.?***
Similar behavior was observed in the transverse section of the
pristine membrane (Fig. 2d), showing a homogeneous thick-
ness of approximately 630 um.

To compare the effects of incorporating CDs into high-
performance polymers for water filtration, PPSU was used as
a model system, as shown in Fig. 3. Both spectra exhibit the
characteristic bands of the base polymer (Fig. 3a), confirming
that the matrix's chemical structure remains largely unaffected
by CDs incorporation. However, a slight broadening and
decrease in transmittance are observed in the 3400-3200 cm™*
region, which may be associated with surface hydroxyl (-OH)
groups originating from the CDs. Additionally, slight modifi-
cations in the intensity of the bands around 1650-1600 cm ™"
can be attributed to C=O0 or conjugated C=C vibrations from
the CDs framework. These variations suggest the presence of
intermolecular interactions, such as hydrogen bonding or m—m
interactions between the aromatic domains of the polymer and
the oxygen-containing functional groups of the CDs.>**

The slight variations in surface texture observed in the PVA/
PAA-CDs membranes do not adversely affect their performance
and are mainly associated with the intrinsically hydrophilic
nature of the polymeric matrix, rather than with defects arising
from the fabrication process.* The PVA/PAA system, being
water-soluble, exhibits a high moisture absorption capacity; in
this context, the incorporation of CDs, which are rich in oxygen-
containing functional groups, can promote localized water
uptake, inducing slight swelling within the polymer matrix.**

This phenomenon manifests as subtle surface roughness or
the formation of microdomains without compromising the
membrane's continuity or mechanical integrity. Similar
morphologies associated with swelling processes have been
widely reported in hydrophilic polymer systems reinforced with
CDs, where these nanomaterials act as water-retention sites
through hydrogen-bonding interactions.*** In contrast, this
behavior is not observed in PPSU-based membranes, owing to
the hydrophobic and structurally rigid nature of this polymer,
which limits water absorption and suppresses swelling
effects.****

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The morphological comparison following the addition of
CDs reveals microstructural changes and pore formation in the
polymeric matrix, as observed by SEM. In the pristine PPSU
membrane (Fig. 3b), a homogeneous surface is observed, with
circular-to-oval pores with average diameters of 0.01-0.06 um,
consistent with the typical structure of membranes fabricated
via the phase inversion method using DMF as solvent,*®*” which
is consistent in the transversal section (Fig. 3d). This
morphology reflects controlled demixing kinetics during
membrane formation, which is favored by the hydrophobic
nature of PPSU and the absence of hydrophilic additives. In
contrast, the surface of PPSU-CDs (Fig. 3c) is rougher, with
irregularly shaped pores and granular structures within the
cavities, which can be attributed to partial aggregation of CDs or
to their anchoring within the matrix during solidification. A
higher density of interconnected microcavities is also observed
in the transversal section (Fig. 3e), suggesting that the incor-
poration of CDs (rich in oxygenated and hydroxyl functional
groups) alters the thermodynamics of the polymeric phase,
accelerating the polymer/solvent demixing process and
promoting a more porous morphology.*®* The presence of CDs
not only affects the material's physical microstructure but may
also influence its functional properties. The increase in rough-
ness and the formation of microaggregates within pores can
enhance the adsorption of ionic or dye species and improve
light-matter interactions in photoactive processes. Moreover,
the modification of surface topography may increase the
membrane's hydrophilicity and, consequently,
permeate flux and fouling resistance.***°

Table 1 shows the porosity (¢) values calculated using the
gravimetric method for the fabricated membranes. In all cases,
the wet weight exceeded the dry weight, confirming proper
water absorption and accurate determination of pore volume.
The PVA/PAA membranes exhibited the highest porosity
(90.15%), followed by PVA/PAA-CDs (91.58%), whereas the PPSU
membranes showed lower values (82.70-84.24%). This differ-
ence is attributed to the greater hydrophilicity of the PVA/PAA
system, in which the -OH and -COOH groups enhance water
uptake and matrix swelling. The incorporation of CDs slightly
increased porosity in both systems, an effect associated with the
formation of microvoids and the presence of oxygenated groups
in the CDs, which improve water affinity.* Compared with the
obtained values (>80%), which are characteristic of highly
porous membranes, the values are advantageous for applica-
tions requiring high permeability or efficient species diffusion,
such as dye photodegradation processes or ion transport in
catalytic and antimicrobial systems. The difference between
PPSU and PVA/PAA also aligns with the expected morphological
observations: the PVA/PAA system tends to exhibit a rougher
surface with microdomains, whereas PPSU forms a more

improve

compact and less swellable matrix.*>*

Membrane thickness is a key parameter influencing both
photocatalytic and antibacterial performance. Although it was
not systematically varied in this study, its effects can be
understood from transport and light interaction principles.
Thinner membranes favor light penetration and enhance
interaction between the active surface and pollutants,

RSC Adv, 2026, 16, 19128-19143 | 19133
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Fig. 3 Chemical and morphological characterization of PPSU membranes and the effect of CD incorporation. (a) FTIR spectra showing changes
in functional groups after CD addition. (b and c) Surface SEM images of pristine PPSU and PPSU-CDs membranes, respectively, highlighting pore
structure and surface roughness. (d and e) Cross-sectional SEM images showing internal morphology and pore distribution.

improving photocatalytic efficiency. In contrast, thicker
membranes may hinder light transmission and limit access to
reactive sites, although they offer better mechanical
stability.**>®

Regarding antibacterial activity, thickness can affect both
the contact between the membrane and bacterial cells and the
diffusion of reactive species such as ROS. Therefore, optimizing

membrane thickness is essential to balance structural stability
and functional performance in future studies.>

3.3. Photodegradation test of nanostructured membranes

To evaluate the photodegradation capability of PVA/PAA-CDs
membranes, two types of tests were conducted: one under

Table 1 Porosity percentage values of PPSU and PVA/PAA membranes and the effect of the CDs incorporation, calculated by gravimetry

Wet weight Dry weight Polymer density Water density

© (8) (gem™) (gem™) Porosity (%)
Membrane Wy Wy dp d,, 3
PPSU 0.0404 0.0087 1.31 0.998 82.7073
PPSU-CDs 0.035 0.0069 1.31 0.998 84.2411
PVA/PAA 0.0578 0.0071 1.28 0.998 90.1561
PVA/PAA-CDs 0.0711 0.0075 1.28 0.998 91.5798
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direct solar irradiation (Fig. 4a, c, and e) and another under
complete darkness (Fig. 4b, d, and f), aiming to discern the
specific contribution of solar light to the degradation process by
submerging the membranes in MB solutions. The system's
evolution was calculated through both UV-Vis spectroscopic
analysis and photographic recording. Fig. 4a presents the
photodegradation rates of the membranes. From the first day of
exposure, a noticeable decrease in blue color intensity was

observed, particularly in solutions with initial MB
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concentrations of 2 and 4 ppm, as evidenced by the vial
photographs (Fig. 4c). This visual change correlates with the
progressive decrease in the characteristic absorption band of
the dye (Fig. 4e), suggesting an initial adsorption process on the
membrane, evidenced by the transition from a transparent to
a blue hue. By the third day, the vials containing 2, 4, and 6 ppm
solutions appeared nearly colorless, whereas those containing 8
and 10 ppm retained a faint blue hue. Nevertheless, by the
seventh day, all vials appeared visually transparent, which was
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Fig. 4 Photodegradation performance of PVA/PAA-CDs membranes in methylene blue (MB) solutions under different conditions. (a) Degra-
dation rate under solar irradiation. (b) Control experiment in dark conditions. (c and d) Photographs of MB solutions at different concentrations
showing color evolution under light and dark conditions, respectively. (e and f) UV-Vis absorption spectra recorded at different times,
demonstrating dye degradation under irradiation and adsorption behavior in darkness.
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corroborated by the near-complete disappearance of the meth-
ylene blue absorption band in the UV-Vis spectra, thereby
confirming efficient solar-induced photodegradation. The
photodegradation of methylene blue (MB) using polymeric
membranes based on PVA/PAA relies on the immobilization of
photocatalysts or active groups within the polymeric matrix to
induce redox processes under light irradiation, thereby
oxidizing or cleaving the dye's molecular bonds. The membrane
functions both as a stabilizing support and as a diffusion
medium: MB molecules adsorbed on the polymeric surface
remain in close proximity to active sites, where photon
absorption generates electron-hole pairs that promote the
formation of hydroxyl radicals, which subsequently oxidize MB
to its mineralized products.®® This mechanism is supported by
the UV-Vis spectra (Fig. 4e), in which the characteristic
absorption band is completely reduced after seven days of
irradiation.

The results obtained under dark conditions (Fig. 4b, d and f)
show a persistent coloration in the vials throughout the exper-
iment. Although the water appeared transparent at the end of
the test, the dye remained retained within the membrane,
indicating that the process was limited solely to adsorption. The
comparison between the two experimental conditions demon-
strates that solar irradiation not only facilitates the visible
removal of the dye from the solution but also promotes its
effective degradation, thereby validating the photocatalytic
degradation mechanism driven by light exposure.

Yan et al.*® fabricated PVA/PAA nanofiber membranes via
electrospinning, followed by a polydopamine (PDA) coating.
Their results showed that the membrane adsorbed more than
93% of MB within 30 minutes, demonstrating a strong affinity
for the dye. Although the primary focus of their study was
adsorption rather than photodegradation, the authors sug-
gested that the polymer-supported structure could subse-
quently serve as a platform for incorporating photocatalysts
(e.g., metal or semiconductor nanoparticles) to induce light-
driven degradation. They also discussed the mechanical
stability of the membranes after multiple adsorption/
desorption cycles and the retention of the fibrous structure,
critical aspects when considering their use as supports for
photoactive degradation. Shamy et al.*® demonstrated that, in
PVA/QDs nanocomposite films, the incorporation of carbon
dots within a hydrophilic PVA matrix not only induces modifi-
cations in surface morphology but also imparts additional
functionalities to the material. In their study, the authors
concluded that glucose-derived CDs serve as active phases,
significantly enhancing the system's optical and catalytic
properties, particularly for dye removal in aqueous media. This
behavior was attributed to the high density of oxygen-
containing functional groups on the CDs' surface and to their
homogeneous dispersion within the polymer matrix.

Furthermore, it was reported that the presence of CDs
induces local structural changes in PVA, primarily associated
with physical interactions, such as hydrogen-bond formation,
that promote water uptake and may lead to controlled swelling
in water-soluble matrices. This effect accounts for the emer-
gence of slight variations  without

surface textural
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compromising the material's continuity or mechanical integ-
rity. Our findings on the use of the biodegradable PVA/PAA
combination in water treatment have received limited atten-
tion due to its water solubility. However, this characteristic may
confer an environmental advantage, as both polymers are
biodegradable and, through induced crosslinking, can enhance
membrane stability, enabling the development of more
sustainable membranes with a lower ecological footprint.

As part of the comparative study, an analogous experiment
was conducted using a PPSU matrix to contrast performance,
given that PPSU is widely employed in water filtration systems
due to its excellent physical and mechanical properties.*>*
Fig. 5 shows the photodegradation performance of PPSU-CDs
membranes under similar conditions to the previous PVA/PAA
membrane test. According to the degradation rate (Fig. 5a),
from the third day of exposure, a significant decrease in the blue
coloration of the solution was observed, accompanied by visible
retention of the dye on the membrane. By the seventh day, both
the solution and the membrane appeared transparent, indi-
cating effective degradation of MB, as evidenced by the color
change in the vials (Fig. 5¢) and reflected in the UV-Vis spectra
(Fig. 5e). Additionally, the reusability performance of PPSU-CDs
was determined after five cycles, demonstrating that the nano-
structured membrane maintains their intrinsic photo-
degradation even after five cycles, as shown in the SI (S2).

In contrast, under dark conditions, the adsorption process in
the PPSU-CDs membranes occurs more slowly and remains
incomplete, as presented in Fig. 5b. Although a slight decrease
in color intensity is observed by the seventh day, the solution
still retains a noticeable blue coloration (Fig. 5d). This behavior
suggests differences in adsorption capacity between the poly-
mer matrices (PVA/PAA and PPSU). Unlike the PVA/PAA-CDs
membranes, which under dark conditions can completely
remove the dye from the liquid medium, the PPSU-CDs
membranes exhibit considerably lower adsorption efficiency
in the absence of light, highlighting the critical influence of the
polymeric matrix on the overall performance of the system.

According to our results, the implementation of PPSU-based
membranes as a functional support for the photodegradation of
MB represents a promising strategy for water purification,
owing to the inherent thermal robustness, chemical stability,
and excellent mechanical strength of PPSU.*** The incorpora-
tion of photocatalytic nanostructures into PPSU membranes
has been previously reported. According to Dai et al.,** a mixture
of rGO/TiO, nanoparticles was introduced into the PPSU matrix
via a phase inversion process, yielding hybrid membranes that
exhibited both photodegradation and self-cleaning capabilities
under visible light. The results demonstrated that the synergy
between rGO and TiO, nanomaterials enhances electron-hole
pair separation, resulting in a significant increase in photo-
catalytic activity relative to PPSU membranes containing only
GO or only TiO,. In addition, Gan et al.®® fabricated PPSU
membranes modified with CDs/Ag nanofillers for the removal
of tartrazine, demonstrating that incorporating CDs into
sulfonated aromatic polymers is a viable strategy for photo-
catalytic degradation. In both cases, the membrane structure
facilitates solid-liquid separation, enables reusability, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photodegradation performance of PPSU-CDs membranes in methylene blue (MB) solutions. (a) Degradation rate under solar irradiation.
(b) Degradation behavior under dark conditions. (c and d) Visual evolution of MB solutions at different concentrations under light and dark
conditions. (e and f) UV-Vis spectra showing the decrease in MB characteristic absorption band over time.

enhances overall efficiency by increasing contact between the
reactant and the catalytic surface, thereby accelerating degra-
dation kinetics.

The plots of In(4y/A,) versus time (Fig. 6a and b) showed an
almost linear behavior in the initial stages of the process,
indicating that the degradation follows apparent pseudo-first-
order kinetics. However, deviations from linearity at longer
times suggest contributions from additional processes, such as
adsorption and the formation of intermediates; that is, both
adsorption and photodegradation are present, which is why the
behavior is not 100% linear.

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

The obtained rate constants were 0.0434 h™" for PVA/PAA-
CDs and 0.0562 h™' for PPSU-CDs with R* values of 0.9470
and 0.9715, respectively. The PVA/PAA-CDs membrane exhibi-
ted a higher apparent rate constant than that of the PPSU-CDs
membrane, indicating faster MB removal under the tested
conditions. However, this apparent kinetic behavior likely
includes contributions from both adsorption and photo-
catalytic degradation, especially during the initial stages.

Free radical scavenging experiments were performed using
isopropanol (IPA) to evaluate the role of hydroxyl radicals and
thus validate ROS generation. Interestingly, the addition of IPA
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Fig. 6 First-order kinetics plots for MB degradation, (a) PVA/PAA-CDs and (b) PPSU-CDs.

led to an increase in degradation efficiency, suggesting that ‘OH
is not the dominant reactive species in this system.®” The
observed increase in degradation efficiency may be attributed to
a shift in the reaction pathway, in which alternative reactive
oxygen species, such as superoxide radicals or singlet oxygen,
play a more significant role.®® This behavior can be attributed to
IPA's role as a hole scavenger, which reduces electron-hole
recombination and enhances charge separation, thereby
promoting electron-driven pathways, such as the formation of
superoxide radicals. Similar effects have been reported in pho-
tocatalytic systems where the presence of hole scavengers
improves photocatalytic efficiency by increasing the availability
of reactive electrons and alternative oxidative species®” (see
SI).

3.4. Photodegradation mechanism by chemical oxygen
demand (COD) monitoring

COD measurements were performed to monitor changes in
total organic matter during the degradation of MB dye using
PVA/PAA-CDs and PPSU-CDs membranes over four weeks. This
technique enables evaluation of the total number of available
electrons in the solution during dye degradation (mineraliza-
tion), distinguishing between simple chromophore rupture and
complete molecular oxidation.”*”* Higher COD removal values
suggest advanced oxidation processes of MB, attributable to the
enhanced oxidant efficiency provided by the addition of CDs.
However, low COD values indicate partial degradation, as evi-
denced by apparent decoloration, in which only the chromo-
phore's aromatic structure is disrupted, while the subproducts
remain. Fig. 7 shows the comparison of the COD percentage
between PVA/PAA-CDs and PPSS-CDs membranes. In particular,
PVA/PAA-CDs demonstrate COD removal approaching 100%
from the first week, with a further ca. 94% removal after 4
weeks, indicating complete oxidation of the organic MB dye via
molecular rupture, forming other oxidized species. In contrast,
PPSU-CDs exhibit high initial COD removal (approximately
100% in weeks 1 and 2), followed by a decrease of approximately

19138 | RSC Adv, 2026, 16, 19128-19143

82% in weeks 3 and 4. Although the addition of CDs was
effective in the early stages, they remain intermediate MB
subproducts in aqueous solution, indicating slight degradation
with increasing exposure time. The differences in results among
the polymer membranes could be attributed to the intrinsic
properties of the polymers employed. The gradual release of
PVA/PAA and CDs into the water, due to their high hydrophi-
licity,”*”® contributes to the non-decreasing COD value observed
over time. This characteristic is environmentally favorable, as
PVA/PAA is a biocompatible and non-toxic polymer.”® However,
the insolubility of PPSU in aqueous media,” is due to its high
tolerance for non-organic solvents (water). This characteristic
ensures that the polymer is not continuously released, unlike in
PVA/PAA.

Fig. 7 Chemical oxygen demand (COD) removal efficiency during
methylene blue (MB) degradation using PVA/PAA-CDs and PPSU-CDs
membranes over four weeks. COD values indicate the degree of
organic matter oxidation, allowing differentiation between partial
degradation and advanced oxidation processes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.5. Bactericidal performance of nanostructured
membranes

The development of nanostructured membranes for water
treatment requires the rational design of multipurpose systems
capable of simultaneously addressing dyes and pathogenic
microorganisms that pose risks to human health. In this
context, the incorporation of CDs as antimicrobial nano-
materials within polymeric matrices has been shown to reduce
pathogenic load in aqueous environments.”®*® Fig. 8 shows the
antibacterial activity of PVA/PAA-CDs and PPSU-CDs against P.
aeruginosa (Fig. 8a) and S. aureus (Fig. 8b), and their comparison
with CDs suspension (5 mg mL ™). As expected, the sole CD
suspension exhibited bactericidal activity of approximately
99.99%. Regarding the CD-functionalized membranes, both
showed significantly higher antimicrobial activity than their
non-functionalized counterparts, which exhibited almost
negligible bactericidal activity. After 3 hours of exposure, both
the PVA/PAA-CDs and PPSU-CDs membranes achieved inhibi-
tion rates above 75%. After 24 hours, efficacy exceeded 97% in
both cases, indicating progressive and sustained antibacterial
activity. These results highlight the potential of CD-
functionalized membranes as active materials for applications
requiring continuous removal of microorganisms, such as
contaminated water treatment or the protection of surfaces
exposed to infectious agents.

The antibacterial performance of the developed membranes
shows a clear time-dependent behavior, with moderate inhibi-
tion observed at early stages (1-3 h) and significantly enhanced
bactericidal activity after 24 h of contact. This trend suggests
that the antimicrobial effect is governed by a progressive
mechanism, likely associated with the sustained generation of
reactive species and prolonged interaction between the
membrane surface and bacterial cells.

Additionally, the similar inhibition trends observed for both
Staphylococcus aureus and Pseudomonas aeruginosa indicate that
the antibacterial activity of CD-functionalized membranes is

g
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not strongly dependent on cell wall structure, suggesting a non-
selective oxidative mechanism. This behavior is consistent with
ROS-mediated antibacterial processes, where oxidative stress
induces membrane damage, protein denaturation, and even-
tual cell death.®" Notably, similar antibacterial trends were
observed for S. aureus and P. aeruginosa, confirming that the
CD-functionalized membranes exhibit consistent performance
against both Gram-positive and Gram-negative bacteria. The
sustained antibacterial effect observed over time further
supports the role of prolonged membrane-bacteria interaction
and ROS-mediated mechanisms in achieving high inhibition
efficiency.

The results obtained against S. aureus (Fig. 8b) were
comparable to those observed for P. aeruginosa (Fig. 8a). In both
cases, the membranes modified with CDs exhibited signifi-
cantly higher bactericidal activity than those composed solely of
the base polymer, whose antimicrobial effect was practically
negligible. After 3 hours of exposure, the membranes achieved
bacterial inhibition levels above 80%. However, after 24 hours
of contact, all CDs-functionalized membranes reached a bacte-
ricidal efficacy of 99.9%, confirming their long-term effective-
ness. This behavior suggests that, upon incorporating CDs into
the polymeric matrix, the direct contact area with microorgan-
isms may be reduced relative to that of CDs in solution.
Nevertheless, this initial limitation is offset by a sustained
antimicrobial effect over time, reinforcing the potential of these
membranes as active systems for applications requiring
progressive and continuous pathogen removal, such as
contaminated aquatic environments or prolonged-contact
surfaces.****

The enhanced performance of CD-functionalized
membranes can be attributed to the photoactive properties of
carbon dots and their ability to ROS under light irradiation.
Upon light absorption, CDs can undergo electronic excitation,
promoting electrons from the valence band to higher-energy
states and generating electron-hole pairs.** These charge
carriers participate in redox reactions at the membrane

&
%)

Antibacterial activity (

Fig. 8 Antibacterial activity of nanostructured membranes incorporating CDs against (a) Pseudomonas aeruginosa and (b) Staphylococcus
aureus. The results show inhibition percentages at different contact times, highlighting the enhanced bactericidal performance of CD-func-

tionalized membranes compared to pristine polymers.
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interface, where photogenerated electrons reduce dissolved
oxygen to form superoxide radicals, while holes oxidize water or
hydroxyl ions to produce hydroxyl radicals. Additionally, energy
transfer processes may lead to the formation of singlet
oxygen.®»® These ROS play a crucial role in the oxidative
degradation of methylene blue by cleaving chromophoric
structures and forming smaller intermediate species, thereby
contributing to advanced oxidation processes.*® Simulta-
neously, ROS mediate antibacterial activity by inducing oxida-
tive stress in microbial cells, leading to lipid peroxidation,
protein damage, and disruption of cellular membranes.*”
Furthermore, the presence of nitrogen- and oxygen-containing
functional groups on the surface of CDs introduces defect
states that facilitate charge separation and enhance ROS
generation.*® These functional groups also promote strong
interactions with the polymeric matrix and improve contact
with bacterial cells, thereby amplifying both photocatalytic and
antibacterial performance.

The use of CDs as an antimicrobial additive in polymer
membranes has been described by different authors. Latif
et al.*” investigated the incorporation of undoped CDs into PVA
matrices to enhance mechanical properties and reported anti-
bacterial activity in the resulting composites. Beyond mechan-
ical reinforcement, the authors noted that the presence of CDs
imparted antibacterial properties to the composites, although
extensive microbiological evaluations were not conducted.
Similarly, Alas et al.*® incorporated multicolor CDs into PVA
films and evaluated their antimicrobial activity. The composites
exhibited notable activity against both Gram-positive and Gram-
negative bacteria in qualitative assays and inhibited biofilm
formation. The antibacterial action was primarily attributed to
interactions between CDs and the bacterial cell surface, as well
as to the generation of reactive species and the blocking (or
interference) effect on bacterial adhesion. Zhao et al.* reported
the synthesis of PVA composite films incorporating CDs and
evaluated their antibacterial activity against E. coli and S.
aureus. It was observed that pure PVA exhibited no antibacterial
activity, whereas incorporating CDs into the composite films
resulted in significant inhibition of bacterial growth, as evi-
denced by colony-forming unit (CFU) reduction assays. In
contrast, no studies were found reporting antibacterial activity
using PPSU as the polymeric matrix; however, similar work has
been conducted with polysulfone (PSF). For instance, Mahat
et al.®® incorporated biomass-derived CDs into PSF for forward
osmosis membranes and observed that the addition of CDs
enhanced the material's antibacterial activity. Specifically,
bacterial diffusion assays revealed reduced microbial prolifer-
ation on the CD-modified membranes compared to the
unmodified PSF membrane. On the other hand, Chen et al.*®
modified a PSF membrane with a CD-gold nanoparticle hybrid
and reported that the resulting membrane achieved an anti-
bacterial rate of up to 90% against E. coli. According to the
authors, the bactericidal efficacy of CDs arises from surface
heteroatoms on the carbon framework, which, upon interaction
with the aqueous medium, promote the generation of ROS.
These ROS induce oxidative stress and cause irreversible
damage to the structural integrity of microorganisms. Based on
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the reported results, this antimicrobial effect appears to be
independent of the microbial cell wall structure. Furthermore,
the homogeneous incorporation of these nanostructures into
polymeric matrices enables controlled release of reactive
species, thereby promoting a sustained antibacterial effect at
later contact (24 h).

To simulate a more realistic application scenario in which
the nanostructured membrane is fully immersed in a contami-
nated medium, an additional experiment was designed by
introducing a bacterial load of 10® CFU mL ™" in the presence of
the MB dye, replicating the procedure used in the photo-
degradation (under light irradiation) at 1 and 24 h of contact, as
presented in Fig. 9. After one hour of exposure, both CD-
functionalized membranes exhibited a slight decrease in
bactericidal efficiency compared with the non-immersed tests.
In particular, the PPSU-CDs membrane achieved an inhibition
rate of 65%, whereas the PVA/PAA-CDs membrane achieved
68%. This reduction is attributed to a possible competition
between the dye photodegradation mechanism and the bacte-
ricidal action, which may partially limit the surface availability
of CDs for interaction with microorganisms. However, after 24
hours of exposure, both membranes recovered high efficiency,
achieving bactericidal activities of 90% for PPSU-CDs and 92%
for PVA/PAA-CDs, respectively. These findings highlight that
although the initial effect is moderately reduced, the antimi-
crobial functionality is maintained and even enhanced over
time. Furthermore, these findings highlight the multifunctional
capabilities of the developed membranes, demonstrating
simultaneous efficiency in both organic pollutant degradation
and microorganism removal, making them promising candi-
dates for use in water treatment systems and surfaces exposed
to biological contamination.

Although no reports were found in the available literature
describing membranes comparable to those developed in this

ty (%)

Anﬁbacten'al activj

Fig. 9 Antibacterial activity of CD-functionalized membranes under
combined conditions of methylene blue (MB) presence and light
irradiation. Results show inhibition efficiency against Pseudomonas
aeruginosa (108 CFU mL™) at different contact times, demonstrating
the simultaneous functionality of photocatalytic and antibacterial
processes.
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work, Rasool et al.®® prepared a CD-based material capable of
simultaneously degrading Rhodamine B (RhB) and exhibiting
antibacterial activity. Under irradiation, the system achieved
efficient dye degradation while also inactivating bacteria
present in the experimental environment, demonstrating that
the ROS-mediated mechanisms responsible for dye degradation
can likewise damage microbial cells. This study clearly validates
the feasibility of a dual-action strategy, organic pollutant
degradation coupled with antimicrobial activity within a single
nanomaterial, thereby reinforcing the multifunctionality of our
membrane under both scenarios. Zhao et al.** fabricated poly-
lactic acid (PLA) nanofiber membranes incorporating nitrogen-
doped carbon dots (N-CDs) and evaluated both contaminant
degradation and antibacterial activity against E. coli and C.
albicans. It was observed that the membrane containing
approximately 8% N-CDs exhibited high photocatalytic effi-
ciency for organic pollutants and significant simultaneous
microbial inhibition. The results suggest that the presence of
doped CDs enables effective ROS generation under irradiation,
acting on both organic molecules and microorganisms within
the same environment. Unlike the previously mentioned
studies, the results reported here were obtained under direct
exposure to natural sunlight rather than under controlled light
irradiation. Despite this, excellent and representative results
were obtained, comparable to those reported under artificial
irradiation, without the need for any additional mechanical
assistance. This finding suggests that our material can be
effectively applied in harsh environments contaminated with
both dyes and microorganisms. Owing to its multifunctional
properties, it holds strong potential for applications in water
treatment and purification systems.

From a practical perspective, the developed membranes
exhibit strong scalability and reproducibility. The phase inver-
sion method, widely used in industry, enables a straightforward
transition from laboratory to pilot and industrial scales. Addi-
tionally, the synthesis of CDs via solution-based methods allows
for large-scale, cost-effective production. Reproducibility is
ensured through controlled preparation parameters such as
polymer concentration, solvent composition, and CD loading,
enabling consistent membrane properties. Furthermore, the
use of stable polymer matrices like PVA/PAA and PPSU helps
maintain structural integrity during operation. Overall, these
features position CD-functionalized membranes as promising
candidates for sustainable water treatment applications.

4. Conclusion

The present study demonstrates the successful fabrication of
multifunctional polymeric membranes based on PVA/PAA and
PPSU matrices incorporating green-synthesized CDs, providing
an effective platform for simultaneous photocatalytic dye
degradation and antibacterial activity. The integration of CDs
into both polymeric systems enabled efficient removal of
methylene blue under light irradiation, while also imparting
strong bactericidal performance, confirming the dual func-
tionality of the developed materials. The enhanced performance
is attributed to the photoactive nature of CDs and their ability to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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generate reactive oxygen species (ROS), which govern both
oxidative degradation and microbial inactivation. A compara-
tive analysis revealed that PVA/PAA-CDs membranes exhibited
superior adsorption capacity and slightly improved overall
performance, whereas PPSU-CDs membranes provided higher
structural stability, highlighting the critical role of polymeric
environment in determining functional behavior. Importantly,
this work advances the state of the art in CD-based photo-
catalytic systems by demonstrating a multifunctional, green-
synthesized, and solar-driven approach that addresses both
organic pollutants and microbial contamination on a single
platform. These findings contribute to the development of
sustainable water treatment technologies by integrating envi-
ronmentally friendly materials with scalable fabrication
methods. Future work should focus on optimizing CD compo-
sition through controlled doping strategies, evaluating long-
term stability under real-world operating conditions, and
investigating the influence of structural parameters, such as
membrane thickness, on performance. Overall, this study
provides a foundation for the design of next-generation smart
membranes with enhanced efficiency and practical applicability
in water remediation systems.
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