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d TiO2 nanophotocatalysts for
visible-light-driven sustainable wastewater
treatment
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and Muhammad Sarwar Hossain *a

The limited visible-light activity of titanium dioxide (TiO2) restricts its application in solar-driven

photocatalysis for wastewater treatment. In this study, TiO2 nanoparticles were sensitized with natural

plant-derived dyes-chlorophyll from Eichhornia crassipes (water hyacinth) and anthocyanin from

Nymphaea rubra (red water lily)-to extend their optical response into the visible spectrum. Dye

extraction was followed by TiO2 sensitization, and the resulting nanocomposites were comprehensively

characterized using FTIR, UV-Vis, XRD, SEM-EDX, and TGA analyses. Results confirmed successful dye

adsorption without altering TiO2's anatase-dominant crystalline phase. UV-Vis spectra revealed

broadened visible-light absorption, particularly in anthocyanin-sensitized TiO2, due to strong p/p*

transitions and hydroxyl-functional group interactions. Photocatalytic activity was evaluated via

methylene blue (MB) degradation under visible light, optimizing parameters such as dye concentration,

pH, catalyst dosage, and initial pollutant load. Anthocyanin-sensitized TiO2 exhibited superior

performance, achieving 75% degradation under optimal conditions, compared to 66% for chlorophyll-

sensitized TiO2. Neutral pH and moderate catalyst dosage (0.2 g L−1) favored maximum efficiency.

Reusability tests over five consecutive cycles demonstrated both catalysts retained over 80% of their

initial activity, with anthocyanin-sensitized TiO2 showing higher stability. This eco-friendly approach

leverages abundant, renewable plant pigments to enhance TiO2's photocatalytic efficiency without costly

or hazardous modifications. The findings highlight the potential of natural dye-sensitized TiO2 as

a sustainable and cost-effective photocatalyst for visible-light-driven wastewater treatment, offering

a promising pathway toward scalable, green water purification technologies.
1. Introduction

Water is one of the most essential resources for sustaining life,
ecosystems, and economic activities. However, increasing
pressures from industrial growth, urbanization, population
expansion, and climate change have drastically reduced both
the availability and quality of clean water.1 Globally, about two
billion people lack access to safe drinking water, and approxi-
mately ve million die each year from diseases caused by
contaminated water, highlighting an urgent global health
crisis.2 A signicant contributor to water pollution is industrial
wastewater, particularly from sectors like textiles, pharmaceu-
ticals, chemicals, food processing, and paper manufacturing.
These industries discharge persistent organic pollutants (POPs)
that are difficult to remove using traditional treatment
methods.3 The textile industry is among the worst offenders,
ulna-9208, Bangladesh. E-mail: sarwar@

ce, Imam Mohammad Ibn Saud Islamic

abia

723
contributing 17–20% of global industrial water pollution, with
10–15% of dyes used in manufacturing ending up directly in
wastewater due to poor ber binding. Synthetic dyes are notably
hard to degrade due to their complex structures and chemical
stability. Conventional treatments such as ltration or biolog-
ical degradation are oen ineffective against such contami-
nants.4 This has prompted the development of advanced
oxidation processes (AOPs), which utilize reactive species like
hydroxyl and superoxide radicals to break down pollutants
more effectively.5 AOPs are a class of water treatment methods
that rely on the in situ generation of powerful oxidants, espe-
cially hydroxyl radicals, to mineralize organic contaminants
into harmless end products like CO2 and H2O.6,7 Unlike
conventional methods that transfer pollutants between phases
or generate hazardous by-products, AOPs enable complete
degradation without secondary contamination. Among these,
photocatalysis is a widely studied AOP due to its ability to
harness light energy, especially in the presence of semi-
conductor materials, to activate oxidation–reduction reactions.8

Photocatalytic degradation involves the excitation of a pho-
tocatalyst, such as a semiconductor oxide, under light exposure,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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resulting in the formation of electron–hole pairs that interact
with water and oxygen to produce reactive oxygen species
(ROS).9 Common semiconductors used for photocatalysis
include TiO2, ZnO, CeO2, CdS, and ZnS. TiO2 is particularly
favored for its stability, low cost, non-toxicity, and high photo-
catalytic activity.10 TiO2's efficiency is inuenced by several
factors, including its crystal phase, surface area, particle size,
band gap energy, and surface hydroxylation.11 However, TiO2 is
primarily UV-active due to its wide band gap (3.2 eV), limiting its
efficiency under natural sunlight, where UV light constitutes
less than 5% of the spectrum.12 To address this limitation,
strategies have been explored to extend TiO2's photo-response
into the visible light region (∼45% of sunlight). Modications
include doping with metal or non-metal ions, forming hetero-
junction composites, and sensitization with dyes.13 Among
these, dye sensitization stands out for its simplicity, afford-
ability, and efficiency in enhancing visible-light absorption.14

Sensitizer dyes absorb photons in the visible range and transfer
excited electrons to the conduction band of TiO2, initiating
photocatalytic reactions.15 While synthetic dyes such as eosin-Y,
rhodamine-B, methylene blue, and ruthenium complexes have
been extensively used for sensitization, they oen pose envi-
ronmental hazards, involve complex synthesis, and lack long-
term stability. In contrast, natural dyes-derived from eco-
friendly sources such as fruits, leaves, and owers-offer
a safer, renewable, and biodegradable alternative.16 Plant-
based pigments such as anthocyanins and chlorophyll,
commonly found in red water lily and water hyacinth respec-
tively, are gaining attention for their strong absorption in the
visible spectrum, ease of extraction, and environmental
sustainability.17,18

Previous studies have reported a wide variety of visible-light-
active photocatalysts for pollutant degradation, including dye-
sensitized TiO2, doped TiO2, and heterojunction-based
systems.19 For example, eosin-Y-sensitized TiO2 has been
shown to achieve over 85% methylene blue degradation under
visible light, while metal-doped TiO2 systems oen reach
comparable efficiencies but suffer from long-term instability
due to dopant leaching.20 Similarly, heterojunctions such as
TiO2–CdS and TiO2–ZnO composites extend visible-light activity
but raise concerns of toxicity and cost.21 In contrast, natural dye-
sensitized systems have reported moderate to high degradation
efficiencies (60–80%) with better eco-compatibility and lower
fabrication costs.22 However, stability remains a critical chal-
lenge, as many natural dyes undergo photobleaching. In this
context, the present work focuses on anthocyanin and chloro-
phyll as natural sensitizers for TiO2. Compared to synthetic dye-
sensitized or doped TiO2 systems, our approach emphasizes
sustainability, material abundance, and reusability. Impor-
tantly, by systematically comparing photocatalytic efficiency,
stability over multiple reuse cycles, and mechanistic aspects
such as electron transfer from dye molecules to TiO2, this study
aims to position natural dye-sensitized TiO2 within the broader
eld of visible-light photocatalysis.

The research aims to enhance the photocatalytic perfor-
mance of TiO2 nanoparticles (NPs) when exposed to visible
light. The TiO2 NPs were then sensitized using natural
© 2025 The Author(s). Published by the Royal Society of Chemistry
anthocyanin extract from red water lily and chlorophyll extract
from water hyacinth. This approach aims to bridge the gap
between green chemistry and practical wastewater treatment by
leveraging nature-inspired solutions for the degradation of
harmful organic pollutants under visible light illumination.
2. Methods and materials
2.1 Materials

As the photocatalyst, anatase-phase TiO2 nanoparticles (tita-
nium(IV) oxide, AEROXIDE® P25, Tokyo Chemical Industry Co.,
Ltd, Japan; 99% purity) were employed. The material was
chosen for photocatalytic applications because of its small
primary particle size (average of 21 nm) and high specic
surface area (35–65 m2 g−1, BET method). Ethanol and meth-
anol were used as solvents to extract natural dyes from locally
collected red water lily (Nymphaea rubra) and water hyacinth
(Eichhornia crassipes), which were then rinsed with deionized
water. Glassware was pre-treated with 10% nitric acid and
thoroughly rinsed, and deionized water was used throughout
the process to guarantee purity. As needed, HCl and NaOH were
used to raise the pH of the solutions. Methylene blue (MB) was
selected as the model pollutant, and all chemicals were used as
received without further purication.
2.2 Preparation of natural dye extracts

Red water lily owers and water hyacinth leaves serve as the
sources for anthocyanin and chlorophyll dyes, respectively, with
their extraction being performed following previously reported
and well-established procedures,23,24 which are known to
provide high-purity pigments suitable for photocatalytic and
photoelectrochemical applications. The extraction solvents and
conditions were optimized to minimize degradation and ensure
pigment stability. However, we acknowledge that the exact yield
and purity of the extracted dyes were not quantitatively deter-
mined in this work.

To improve pigment stability, 100 mL of an ethanol–water
solution (70 : 30 v/v) acidied with 0.1%HCl was combined with
10 g of dried and manually crushed red water lily petals. To
optimize dye extraction, the mixture was heated to 100 °C for
5 min in a water bath and then le to stand at room tempera-
ture for 24 h in a dark environment. Following ltration
through Whatman No. 1 paper, a rotary evaporator was used to
concentrate the ltrate for 3 h at 40 °C. The resultant extract was
kept in amber bottles at 4 °C until it was needed again.

10 g of fresh green water hyacinth leaves (midribs removed)
were chopped and mixed with 100 mL of 90% aqueous acetone
using a magnetic stirrer in order to extract the chlorophyll. To
stop pigment oxidation, the slurry was le in the dark at 4 °C for
2 h. Aer that, it was centrifuged for 20 min at 3000 rpm. A
rotary evaporator was used to concentrate the resultant solution
at 40 °C for 3 h aer the supernatant had been ltered through
lter paper. Until it was used, the chlorophyll extract was kept at
4 °C in a tightly sealed, dark glass container. Finally, the
absorption spectra were analyzed using a UV-Vis
spectrophotometer.
RSC Adv., 2025, 15, 41710–41723 | 41711
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Fig. 1 FTIR spectra of Pristine TiO2, Antho-Sen TiO2 and Chl-Sen TiO2.
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2.3 Sensitization of TiO2 with natural dyes

To sensitize TiO2 nanoparticles, the method of Buddee et al.25

was followed with slight modication. A total of 40 mL of
concentrated dye extract was mixed with 0.4 g of TiO2 in glass
beakers and magnetically stirred for 20 h. Aer sensitization,
the mixture was centrifuged at 3000 rpm for 10 min. The
samples were then rinsed with the original solvent to remove
unbound dye. Following washing, the samples were oven-dried
at 70 °C for 20 h. The dried material was manually ground using
an agate mortar to maintain ne consistency and prevent
agglomeration.

2.4 Characterization method

The structural, optical, and thermal properties of TiO2 nano-
particles before and aer sensitization with chlorophyll and
anthocyanin dyes were characterized using multiple tech-
niques. FTIR spectroscopy (500–4000 cm−1) identied func-
tional groups and dye- TiO2 interactions. UV-Vis spectroscopy
assessed optical properties and bandgap energy. SEM examined
surface morphology, particle size, and agglomeration, while
EDX conrmed elemental composition. XRD analysis veried
the anatase crystalline phase and calculated crystallite size
using the Scherrer equation. TGA evaluated thermal stability,
tracking weight loss from moisture, dye degradation, and
material decomposition. Together, these analyses conrmed
the suitability of dye-sensitized TiO2 for photocatalytic waste-
water treatment.

2.5 Test of photocatalytic activity

To evaluate the photocatalytic performance of dye-sensitized
TiO2 nanoparticles, MB dye degradation under visible light
was studied following ISO 10678 and methods in ref. 26 with
slight modication. The goal was to conrm that photocatalytic
activity resulted solely from visible light absorption, excluding
UV interference. Experiments were carried out in 250 mL glass
beakers with 100 mL of MB solution, prepared with pre-
determined catalyst doses, dye concentrations, and pH levels.
Before irradiation, the solution was stirred at 450 rpm in the
dark for 15 min to establish adsorption–desorption equilib-
rium, followed by 2 h of visible light exposure using a 14 W blue
LED lamp (457 nm). The setup was enclosed in aluminum foil to
prevent external light interference. For sensitization, 0.5 mg of
each dye-sensitized catalyst (derived from red water lily and
water hyacinth) was used with 100 mL of MB solution. Samples
(2.5 mL) were collected every 15 min, ltered with a 0.22 mm
nylon syringe lter, and analyzed for dye concentration and
degradation efficiency. The effects of operational parameters-
including initial pH, catalyst dose, and dye concentration-
were studied by altering one variable at a time. Control experi-
ments investigated the roles of photolysis, adsorption, and
sensitization. In photocatalytic studies, the percentage of
decolorization is generally determined using the following
mathematical expression:17

%Decolorization ¼
�
C0 � Ct

C0

�
� 100
41712 | RSC Adv., 2025, 15, 41710–41723
where C0 is the initial concentration of the dye solution and Ct is
the concentration of the dye solution at a particular time for the
analyzed sample.
3. Result and discussion
3.1 Characterization of photocatalyst

3.1.1 FT-IR spectra analysis. Fig. 1 displays the FT-IR
spectra of pure TiO2, pure chlorophyll (Chl), pure anthocyanin
(Antho), and the corresponding sensitized TiO2 nano-
composites (Chl-Sen TiO2 and Antho-Sen TiO2). A broad band
near 3400 cm−1 in the pure TiO2 spectrum is caused by O–H
stretching vibrations of surface hydroxyl groups or physisorbed
water molecules,27 while a band around 1630 cm−1 is caused by
H–O–H bending vibrations.28 The anatase phase of TiO2 is
conrmed by the strong absorption below 800 cm−1, especially
around 700 cm−1, which is ascribed to Ti–O–Ti lattice
stretching.29

Characteristic peaks for pure chlorophyll were observed at
approximately 1220 cm−1 (C–O stretching), 1730 cm−1 (C]O
stretching of ester or carboxylic acid groups), and 2920 cm−1 (C–
H stretching of aliphatic chains).30 Likewise, signicant
absorptions were seen in pure anthocyanin at approximately
3320 cm−1 (O–H stretching), 1640 cm−1 (C]C stretching of
aromatic rings), and 1050 cm−1 (C–O–C stretching of ether
groups).31 Successful dye adsorption on the TiO2 surface was
conrmed by the appearance of new functional bands and the
intensication of preexisting ones in the Chl-Sen TiO2 and
Antho-Sen TiO2 spectra upon sensitization. Additional peaks
around 2920 cm−1 and 1720 cm−1 were seen for Chl-Sen TiO2,
suggesting the presence of the carbonyl and aliphatic groups of
chlorophyll. Polyhydroxylated anthocyanins interact with TiO2

through hydrogen bonding or chelation, as evidenced by the
broad O–H stretching around 3350 cm−1 and the distinct peaks
at 1635 and 1410 cm−1 that correspond to aromatic C]C and
phenolic C–O vibrations in Antho-Sen TiO2.32 The decrease in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ti–O stretching intensity when compared to pure TiO2 indicates
that organic molecules are covering the surface. Together, these
spectral changes show how natural dyes can be effectively
anchored by hydroxyl and carbonyl functionalities, creating
potent dye–semiconductor interactions. By facilitating charge
transfer in the presence of visible light, this bonding conrms
that anthocyanin and chlorophyll sensitization both consider-
ably alter the surface chemistry of TiO2 to increase its visible-
light photocatalytic activity.

3.1.2 UV-visible spectra analysis. UV-Visible spectroscopy
was used to examine the optical properties of bare TiO2 nano-
particles and those sensitized with natural chlorophyll and
anthocyanin dyes, as shown in Fig. 2. The unsensitized TiO2

nanoparticles exhibited a strong absorption band in the UV
region, typically below 400 nm, corresponding to its wide band
gap (∼3.2 eV), which limits its photoactivity under visible light
conditions.33 Upon sensitization with chlorophyll, TiO2 showed
enhanced absorption in the visible region, with distinct peaks
observed around 420–450 nm and 660–680 nm. The p/p*

transitions in the conjugated porphyrin ring of chlorophyll are
responsible for these absorption characteristics.34 When
exposed to visible light, delocalized p-electrons in the aromatic
structure are excited to higher-energy p orbitals. Visible-light
photocatalysis is made possible by this excitation, which
lowers the effective band gap and permits electron injection
from the excited dye molecules into the conduction band of
TiO2. Improved visible light-driven photocatalytic activity is
made possible by this spectral shi, which indicates efficient
electron excitation and transfer from the dye to the TiO2

conduction band.
Similarly, anthocyanin-sensitized TiO2 displayed broadened

absorption bands between 500 and 550 nm, characteristic of the
anthocyanin pigments. Similar functions are performed by the
p / p* transitions in the conjugated aromatic rings of
Fig. 2 UV-Vis absorbance spectra of (a) pure TiO2, (b) chlorophyll-
sensitized TiO2, and (c) anthocyanin-sensitized TiO2, showing distinct
absorption peaks.

© 2025 The Author(s). Published by the Royal Society of Chemistry
anthocyanins, which are aided by hydroxyl substituents, in
capturing visible photons and encouraging charge transfer to
TiO2.35 Factors such as pH, anthocyanidin structure, and
surface interaction with TiO2 inuence these optical proper-
ties.36 The extended absorption prole suggests successful dye
loading and implies a narrowed effective bandgap due to the
formation of a dye–semiconductor charge transfer complex.
These ndings conrm that natural dye sensitization signi-
cantly extends TiO2's optical response into the visible range,
making it a promising strategy for solar-driven photocatalytic
applications.

3.1.3 XRD analysis. XRD analysis was conducted to inves-
tigate the crystalline structure and phase composition of bare
TiO2 nanoparticles, along with those sensitized using natural
dyes such as chlorophyll and anthocyanin. The measurements
were performed over a 2q range of 10° to 80° using Cu Ka
radiation (l = 1.5406 Å) at 40 kV and 50 mA. Crystallite sizes
were estimated using the Scherrer equation, focusing on the
most intense diffraction peak. The diffraction pattern of TiO2

revealed prominent peaks at 2q values of 25.27°, 37.96°, 48.05°,
54.17°, 62.78°, and 69.48°, corresponding to the (101), (004),
(200), (105), (211), and (116) planes of the anatase phase,
consistent with the standard JCPDS card no. 84-1286. Addi-
tional peaks at 27.39° and 75.12° matched the (110) and (215)
planes of rutile TiO2, according to JCPDS no. 88-1175. These
results conrm that the TiO2 samples contain both anatase and
rutile phases, with anatase being predominant (Fig. 3). The
average crystallite size for the (101) anatase peak was approxi-
mately 229 Å, indicating nanocrystalline nature.

The diffraction patterns of chlorophyll- and anthocyanin-
sensitized TiO2 (Chl/TiO2 and Antho/TiO2) showed no shi in
peak positions or emergence of new phases, indicating that dye
sensitization did not alter the crystal structure of TiO2. The
crystallite size for the (101) peak in Chl/TiO2 remained around
230 Å, similar to the bare sample. In the case of Antho/TiO2,
a slightly smaller crystallite size of approximately 225 Å was
Fig. 3 XRD spectra of Pristine TiO2, Antho-Sen TiO2 and Chl-Sen TiO2.

RSC Adv., 2025, 15, 41710–41723 | 41713
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observed, possibly due to dye-induced surface strain or inhibi-
ted crystal growth. Minor variations in peak intensity may
reect surface adsorption of dye molecules, rather than struc-
tural changes.37 Overall, the results conrm the structural
integrity of TiO2 following natural dye sensitization.

3.1.4 SEM image and EDX spectrum analysis. The surface
morphology and elemental composition of bare TiO2 and dye-
sensitized TiO2 nanoparticles were investigated using SEM
coupled with EDX spectroscopy. The SEM image of bare TiO2

(Fig. 4a) shows relatively uniform, spherical nanoparticles with
Fig. 4 SEM image and corresponding EDX spectrum of (a) Pure TiO2, (b

41714 | RSC Adv., 2025, 15, 41710–41723
slight agglomeration, forming compact nanoclusters. These
features are typical of unmodied TiO2 and indicate high crys-
tallinity and purity. The corresponding EDX spectrum conrms
the presence of Ti and O as the dominant elements, without
detectable impurities, verifying the material's compositional
integrity.

Upon sensitization with chlorophyll dye extracted (Fig. 4b),
the SEM micrograph reveals a rougher and denser surface
morphology compared to pure TiO2. The TiO2 particles appear
more aggregated, and their spherical shape becomes less
) Chlorophyll-Sensitized TiO2, (c) Anthocyanin-Sensitized TiO2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distinct, suggesting the formation of a thin chlorophyll coating
layer. This morphological modication can be attributed to the
adsorption of chlorophyll molecules, which contain conjugated
porphyrin rings and long hydrocarbon tails that tend to cluster
on the TiO2 surface through p–p* interactions and hydrogen
bonding. The EDX spectrum further supports this, displaying
additional peaks for C, N, andMg-elements characteristic of the
porphyrin core and organic structure of chlorophyll. The
detection of Mg, in particular, conrms the incorporation of
chlorophyll molecules onto the TiO2 surface.

Similarly, anthocyanin-sensitized TiO2 nanoparticles
(Fig. 4c) have an even smaller and less uniform surface
morphology than both bare and chlorophyll sensitize samples.
The nanoparticles, which exhibit mild porosity and surface
roughness, suggest successful dye-attachment and the syner-
gistic action of polyhydroxylated anthocyanin molecules with
the hydroxyl groups of the TiO2 surface. They are believed to be
associated with the hydrogen bonding and partial chelation
between carbonyl/hydroxyl groups in anthocyanin and Ti atoms
on the surface of TiO2 particles. EDX data indicated obvious C
and O peaks along with the weak N signal, consistent with
anthocyanin molecular composition, and veried uniformed
distribution of organics species on the surface of TiO2. Overall,
the SEM and EDX analyses show that both chlorophyll and
anthocyanin were successfully adsorbed onto TiO2 nano-
particles without changing their primary crystalline
morphology. They also show that dye loading was successful
and that the surface coverage was uniform.

3.1.5 TGA analysis. TGA assessed thermal stability and
organic content of chlorophyll- and anthocyanin-sensitized
TiO2 compared to commercial TiO2. The TGA curve for pure
TiO2 nanoparticles showed negligible weight loss (typically
<1%) over the temperature range of 30–800 °C, indicating their
excellent thermal stability and absence of volatile organic
matter, as expected for commercially available, high-purity
TiO2.17
Fig. 5 TGA curves of dye-sensitized TiO2 showing their thermal
stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The chlorophyll-sensitized TiO2 nanoparticles exhibited
a two-step weight loss pattern, as shown in Fig. 5. At tempera-
tures below 120 °C, a slight weight reduction of about 2–3%
occurs, likely due to the evaporation of physically adsorbed
moisture. A signicant drop in weight, approximately 12–14%,
occurred as the temperature increased from 200 to 500 °C which
is associated with the decomposition of the chlorophyll dye
molecules adsorbed on the TiO2 surface. This thermal behavior
conrms the successful incorporation of organic dye on the
TiO2 nanoparticles.

Similarly, the anthocyanin-sensitized TiO2 sample showed
a slightly higher total weight loss approximately 15–16% in the
same temperature range, consistent with the higher molecular
content and greater adsorption of anthocyanin on the nano-
particle surface. The initial mass loss below 150 °C is again
linked to moisture, while the major degradation phase
between 200 and 500 °C corresponds to the breakdown of
anthocyanin compounds.38 Beyond 500 °C, the weight
remained relatively constant, indicating complete decompo-
sition of the organic matter. TGA conrms dye loading on TiO2

and shows both dyes remain stable below 200 °C, suitable for
ambient applications.
3.2 Photodegradation performance of methylene blue dye

3.2.1 Effect of natural dyes sensitization on TiO2. The
photocatalytic efficiency of TiO2 under visible light was signi-
cantly enhanced by sensitization with natural plant dyes-
chlorophyll and anthocyanin (Fig. 6a). These dyes act as
photosensitizers, enabling TiO2 to harness visible light by
injecting photoexcited electrons into its conduction band. To
investigate the effect of dye concentration, different volumes
(10, 20, 30, and 40 mL) of each dye were used for sensitization.
The photocatalytic performance was then evaluated by moni-
toring the degradation of a model dye pollutant under visible
light for 120 min. The degradation efficiency increased with
increasing dye volume. Chlorophyll-sensitized TiO2 achieved
degradation rates of 44%, 46%, 50%, and 66% for 10, 20, 30,
and 40 mL, respectively. Anthocyanin-sensitized TiO2 out-
performed its chlorophyll counterpart with degradation effi-
ciencies of 56%, 59%, 60%, and 75% for the corresponding
volumes. The enhancement is attributed to better light har-
vesting and increased generation of photo-induced electrons at
higher dye concentrations.39

The mechanism involves visible light absorption by the dye
molecules, followed by electron injection into the TiO2

conduction band. These electrons participate in generating
reactive oxygen species (ROS) such as hydroxyl radicals (cOH)
and superoxide anions (O2c

−), which drive pollutant degrada-
tion.40 Among the two dyes, anthocyanin demonstrated superior
photocatalytic enhancement, likely due to its extended
absorption range and strong interaction with TiO2.41 Its avo-
noid structure with multiple hydroxyl groups enhances electron
transfer and dye binding, making it a more effective natural
sensitizer than chlorophyll. These results conrm the promise
of eco-friendly, cost-effective dye sensitization for visible-light-
driven photocatalysis.
RSC Adv., 2025, 15, 41710–41723 | 41715
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Fig. 6 Effect of (a) natural dye type, (b) pH during sensitization, (c) TiO2 dosage, and (d) initial MB concentration on the photocatalytic
degradation efficiency of dye-sensitized TiO2 under visible light irradiation.
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3.2.2 Effect of pH on photocatalytic efficiency. The photo-
catalytic activity of dye-sensitized TiO2 is signicantly inu-
enced by the pH of the solution, as it alters both the surface
charge of TiO2 and the stability of the dye molecules, thus
impacting pollutant degradation efficiency. To assess this
effect, photocatalytic experiments were conducted at pH 4, 7,
and 10 using chlorophyll- and anthocyanin-sensitized TiO2.

Both systems demonstrated their highest degradation
performance at neutral pH, with chlorophyll-sensitized TiO2

achieving 66% degradation and anthocyanin-sensitized TiO2

reaching 75%, as shown in Fig. 6b. In contrast, degradation
efficiencies were lower at pH 4–45% for chlorophyll and 53% for
anthocyanin- and decreased again at pH 10 to 49% and 55%,
respectively. This trend suggests that neutral pH conditions
provide the most favorable environment for photocatalytic
reactions.42 At pH 7, TiO2's surface is near its point of zero
charge (PZC), promoting effective dye adsorption and
41716 | RSC Adv., 2025, 15, 41710–41723
interaction, which enhances the generation of reactive oxygen
species (ROS) like hydroxyl radicals. These ROS are crucial in
degrading pollutants. In acidic conditions, the positively
charged TiO2 surface may repel cationic dye molecules,
reducing adsorption. Although basic media offer abundant
hydroxide ions, excessive alkalinity can destabilize dye mole-
cules or hinder their interaction with TiO2.43 The zeta potential
curve (Fig. 7) shows that TiO2 has a positive surface charge in
the acidic region. As pH rises, this charge gradually changes to
negative values, with the point of zero charge (PZC) being
around pH 6.5–6.8. The electrostatic interactions between TiO2

and methylene blue (MB) molecules are directly affected by this
reversal of surface charge. The predominant MB species in
solution remain cationic at pH values above 3.8 because the pKa
of MB is roughly 3.8.44,45 Additionally, according to reports by S.
Hemdan, MB changes color in response to structural changes.46

This is because it changes from a diprotonated cationic form
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 TiO2 zeta potential as a function of pH, with a zero charge point
close to pH 7, exhibiting a positive charge in acidic and a negative
charge in basic conditions.
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(pH 2–4) to a monoprotonated cationic form (pH 5–7) and then
to a quinoidal cationic form (pH $ 8), which reects its
changing electronic conguration with pH. So, the MB mole-
cules still carry the positive charge and bind through an elec-
trostatic attraction with TiO2 nanoparticles, even if the pH is
above 7. However, the excess pH (pH 10) makes the MB charge
negative, that makes unfavorable to attach with TiO2 nano-
particle, resulting in low degradation efficiency. During sensi-
tization, these structural alterations also affect the dynamics of
electron transfer and light absorption. Near-neutral pH condi-
tions offer the best balance between dye stability, adsorption,
and surface charge compatibility, resulting in the highest
photocatalytic efficiency for dye-sensitized TiO2 systems,
according to the combined analysis of zeta potential behavior
and photocatalytic performance.

3.2.3 Effect of dye-sensitized TiO2 dosage. The dosage of
dye-sensitized TiO2 is a key factor inuencing photocatalytic
degradation efficiency. In this study, chlorophyll- and
anthocyanin-sensitized TiO2 nanoparticles were tested at
concentrations of 0.1, 0.2, and 0.3 g L−1 under neutral pH
conditions to evaluate their performance under visible light.
Results showed that increasing the catalyst dosage enhanced
the degradation efficiency in both systems, as shown in Fig. 6c.
This improvement is attributed to the higher number of active
sites available for dye adsorption and the generation of ROS,
which are essential for photocatalytic breakdown of pollut-
ants.47 Higher photocatalyst concentrations increase the
available surface area and light absorption, thereby promoting
photocatalytic reactions.48 Moreover, more TiO2 particles
enhance dye adsorption on the catalyst surface, facilitating
efficient electron transfer between the dye and TiO2-an
essential mechanism in dye-sensitized systems.49 At the high-
est dosage of 0.3 g L−1, both systems achieved their peak
degradation rates, exceeding 75%. However, considering the
economic feasibility, the optimum catalyst dosage was selected
as 0.2 g L−1, as it achieved sufficiently high degradation effi-
ciencies of 66% for chlorophyll-sensitized TiO2 and 75% for
© 2025 The Author(s). Published by the Royal Society of Chemistry
anthocyanin-sensitized TiO2. Increasing the catalyst concen-
tration to 0.3 g L−1 resulted in only a 9% increase for
chlorophyll-sensitized TiO2 and a 4% increase for
anthocyanin-sensitized TiO2 in overall efficiency.

3.2.4 Effect of initial MB dye concentration. The initial
concentration of MB dye is a critical parameter affecting pho-
tocatalytic degradation efficiency. In this study, the inuence of
different MB concentrations- 3 mg L−1, 5 mg L−1, and 7 mg L−1

on the photocatalytic performance of chlorophyll- and
anthocyanin-sensitized TiO2 was examined. Experiments were
conducted using a xed catalyst dosage of 0.2 g L−1 at an initial
pH of 7. As shown in Fig. 6d, the degradation efficiency of both
dye-sensitized systems decreased with increasing MB concen-
tration. At 3 mg L−1, chlorophyll-sensitized TiO2 achieved 75%
degradation, while anthocyanin-sensitized TiO2 reached 78%.
However, at 5 mg L−1, degradation dropped to 66% and 75% for
chlorophyll and anthocyanin systems, respectively. Further
increasing the MB concentration to 7 mg L−1 led to a decline in
performance-62% for chlorophyll- and 68% for anthocyanin-
sensitized TiO2.

This inverse relationship can be explained by reduced light
penetration and limited generation of hydroxyl (cOH) radicals at
higher dye concentrations.50 Excessive MB absorbs incident
light, preventing sufficient activation of the photocatalyst.
Moreover, increased dye concentration generates more inter-
mediate byproducts that compete for available cOH radicals,
thereby hindering overall degradation efficiency.51 Although the
highest degradation occurred at 3 mg L−1, 5 mg L−1 was
selected as the optimum concentration for further studies, as it
represents a more realistic pollutant load in typical wastewater.
This balance between efficient degradation and practical
applicability aligns with prior ndings, where moderate
pollutant levels yielded optimal photocatalytic performance.52

Below presents a critical comparison of this work with
previously reported materials in terms of degradation efficiency
and stability. It highlights that natural pigment-sensitized TiO2,
particularly those using anthocyanin and chlorophyll, demon-
strates markedly enhanced photocatalytic efficiency and
stability under visible light compared to bare TiO2 (Table 1).
3.3 Reusability study

The long-term usability and stability of photocatalysts are
essential for their deployment in real wastewater treatment
systems. To assess this, the reusability of chlorophyll-sensitized
TiO2 and anthocyanin-sensitized TiO2 was examined over ve
consecutive photocatalytic degradation cycles under visible
light irradiation, as shown in Fig. 8.

Aer each cycle, the photocatalysts were recovered by
centrifugation, washed thoroughly with distilled water and
ethanol to remove surface-adsorbed intermediates or residual
dyes, and then dried before reuse. As illustrated in Figure, the
anthocyanin-sensitized TiO2 exhibited higher and more stable
degradation efficiency across all cycles compared to its chloro-
phyll counterpart. In the rst cycle, Antho-sen TiO2 achieved
75% degradation, followed by 72%, 68%, 64%, and 61% in
subsequent cycles. Meanwhile, Chl-sen TiO2 began with 66%
RSC Adv., 2025, 15, 41710–41723 | 41717
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Fig. 8 Reusability of sensitized TiO2 over five cycles, showing
enhanced stability and degradation efficiency under visible light
irradiation.

Fig. 9 The UV-Vis spectra of actual textile wastewater were obtained
both before and after photocatalytic degradation. The inset confirms
effective degradation under actual wastewater conditions by di-
splaying a color shift from dark blue to almost colorless.
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degradation, which gradually declined to 64%, 62%, 59%, and
54% over the ve cycles.

This slight decrease in photocatalytic efficiency upon reuse
may be attributed to several factors. Primarily, some loss of dye
molecules from the TiO2 surface may occur during the washing
process, reducing the light absorption capacity in later cycles.
Additionally, the accumulation of intermediate degradation
products might block active sites or reduce surface reactivity.
Other factors could include partial agglomeration of nano-
particles, structural changes during photocatalysis, or photo-
bleaching of the dye molecules. Despite these potential issues,
both photocatalysts retained a signicant portion of their initial
activity, with Antho-sen TiO2 retaining over 81% and Chl-sen
TiO2 about 82% of their initial degradation efficiency by the
h cycle. The relatively better performance of anthocyanin-
sensitized TiO2 may be due to the chemical stability of antho-
cyanins under visible light and their stronger interaction with
the TiO2 surface through hydroxyl or carbonyl groups. These
ndings highlight that natural dye-sensitized TiO2

photocatalysts-especially those using anthocyanins-exhibit
commendable reusability, making them promising candidates
for sustainable and cost-effective photocatalytic wastewater
treatment. Future improvements might focus on enhancing
dye-TiO2 bonding, optimizing dye extraction and loading
methods, and employing surface protection strategies to further
extend catalyst durability.
3.4 Stability in real wastewater conditions

Using actual wastewater gathered from an industrial textile
dyeing area, photocatalytic degradation was carried out to
assess the stability and practical applicability of the synthesized
TiO2 nanocatalyst. In order to eliminate suspended solids and
large organic particles that might obstruct light penetration and
catalyst dispersion, the wastewater was ltered through a nylon
© 2025 The Author(s). Published by the Royal Society of Chemistry
syringe lter before analysis. The degradation study was carried
out using the anthocyanin sensitized TiO2 with a catalyst dosage
of 2.0 g L−1 and a pH of 7, which were the ideal experimental
parameters determined by model pollutant experiments. The
wastewater's UV-Vis absorption spectra before and aer pho-
tocatalytic treatment are shown in Fig. 8. The presence of mixed
dye contaminants and aromatic organics was the main cause of
the rst wastewater sample's wide absorption band in the
visible region. The absorbance intensity gradually decreased
aer irradiation, suggesting that the colored pollutants were
effectively degraded. The treated sample nearly turned colorless
aer 135 min of illumination, indicating that the chromophoric
components had signicantly broken down. This observation is
further supported by the inset photograph, which depicts the
visual change from a dark blue solution to one that is almost
transparent. The stability and resilience of the TiO2 nano-
catalyst against competitive adsorption and radical scavenging
effects, which are frequently found in actual effluents, are
demonstrated by its consistent performance under such
a complex wastewater matrix. Even in less-than-ideal, industrial
wastewater environments, these results demonstrate that the
synthesized TiO2 nanocatalyst retains strong photocatalytic
activity and structural integrity, indicating its potential for
scalable wastewater treatment applications (Fig. 9).
3.5 Plausible mechanism of methylene blue degradation

The proposed mechanism for the photocatalytic degradation of
MB dye using chlorophyll and anthocyanin sensitized TiO2

under visible light illumination is shown schematically in
Fig. 10.

When exposed to visible light, the pigment molecules (Pig)
attached to the TiO2 surface absorb photons, promoting elec-
trons from the HOMO to the lowest LUMO, generating an
excited singlet state (1Pig*). Through intersystem crossing (ISC),
these electrons can transition to a triplet state (3Pig*), as
RSC Adv., 2025, 15, 41710–41723 | 41719
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Fig. 10 Schematic representation of the dye-sensitized TiO2 photocatalytic mechanism in visible light, demonstrating the excitation of electrons
from pigment to the TiO2 conduction band and the ensuing redox reactions that result in the degradation of MB dye.
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described by Phongamwong et al..58 The photoexcited electrons
from the pigment are subsequently injected into the conduction
band (CB) of TiO2, while its valence band (VB) remains unaf-
fected under visible light exposure. This process produces
pigment cation radicals (Pig+) on the TiO2 surface. The trans-
ferred electrons then react with adsorbed oxygen molecules (O2)
to generate superoxide radicals (O2c

−). These radicals can
undergo protonation to form hydroperoxyl radicals (H2Oc),
which further decompose into highly reactive hydroxyl radicals
(cOH) as shown in eqn (1)–(10).59 The positively charged MB
molecules adsorbed on the negatively charged TiO2 surface are
subsequently oxidized by these reactive hydroxyl radicals,
resulting in the breakdown of MB into smaller intermediates
and nal mineralization products. Thus, the main role of the
sensitizing pigments is to activate TiO2 indirectly under visible
light, initiating the formation of reactive oxygen species such as
O2c

− and cOH, which drive the degradation of MB. The oxidized
pigment radical (Pig+) can regain its ground state by accepting
an electron from an electron donor in the pigment's electron
transport system,60 enabling continuous photocatalytic cycles.
Additionally, singlet oxygen (1O2) may also be produced through
energy transfer during collisions between the triplet-excited
chlorophyll and molecular oxygen in its ground triplet state,
as expressed in eqn (9).

Pig ����!hvz 457nm 1Pig (1)

1Pig �!ISC 3Pig*/Pigðground stateÞ (2)

1Pig* / Pig* + TiO2(e
− CB) (3)

1Pig* + O2 / Pig + 1O2 (4)

TiO2(e
−CB) + O2(dissolved) / TiO2(e

−CB) + O2c
− (5)

TiO2 (e
− CB) + 1O2(dissolved) / TiO2(e

− CB) + O2c
− (6)

O2c
− + H2O / OH− + H2O (7)

2H2Oc + H2Oc / H2O2 + cOH (8)
41720 | RSC Adv., 2025, 15, 41710–41723
H2O2 / 2cOH (9)

MB + cOH,O2c
− / Degradation Products (10)
4. Importance and directions for
future research

The development of natural dye-sensitized TiO2 photocatalysts
represents a signicant step toward sustainable and eco-
friendly wastewater treatment technologies. These materials
combine the photocatalytic efficiency of TiO2 with the light-
harvesting capabilities of plant-derived dyes, enabling effec-
tive utilization of visible light-a major portion of the solar
spectrum. Beyond their environmental compatibility, such
systems are cost-effective and accessible, making them suitable
for large-scale applications in regions with limited resources.
Importantly, the use of renewable dye sources aligns with green
chemistry principles, reducing dependence on synthetic,
potentially hazardous photosensitizers. However, to fully
harness their potential, future research should address several
critical areas. First, improving dye–TiO2 binding stability is
essential to minimize leaching and enhance long-term perfor-
mance. Advanced surface modication techniques, such as
covalent coupling or polymer encapsulation, could provide
stronger dye attachment. Second, optimizing dye extraction and
purication methods will help achieve higher purity and
consistent light absorption properties. Additionally, studies
should explore co-sensitization strategies, combining multiple
dyes to broaden the absorption spectrum and improve charge
separation. Mechanistic investigations using in situ spectro-
scopic and electrochemical methods can deepen understanding
of electron transfer dynamics and reactive oxygen species
formation. Finally, real-world performance assessments in
complex wastewater matrices, coupled with techno-economic
and life-cycle analyses, will be necessary to evaluate scalability
and environmental impact. Through these targeted research
directions, natural dye-sensitized TiO2 systems can evolve from
promising laboratory concepts into reliable, high-performance
photocatalysts for global wastewater treatment challenges.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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5. Conclusions

This study demonstrates that natural plant dyes, specically
chlorophyll and anthocyanin, can effectively sensitize TiO2

nanoparticles, enabling signicant photocatalytic activity under
visible light for sustainable wastewater treatment. Both dyes
extended TiO2's light absorption into the visible range, with
anthocyanin-sensitized TiO2 exhibiting superior degradation
efficiencies due to its broader absorption spectrum, strong
surface interaction, and enhanced electron transfer capabil-
ities. Optimization experiments revealed that dye concentra-
tion, solution pH, catalyst dosage, and initial pollutant load
critically inuence photocatalytic performance. Neutral pH
conditions favored maximum degradation, while excessive
pollutant concentrations hindered light penetration and
reduced reactive oxygen species generation. Importantly, both
chlorophyll- and anthocyanin-sensitized systems retained over
80% of their initial activity aer ve reuse cycles, highlighting
their reusability and potential for long-term application in real
wastewater treatment scenarios.

The use of naturally derived sensitizers offers an eco-friendly,
low-cost, and sustainable alternative to synthetic dyes or rare-
metal-based modications, aligning with green chemistry prin-
ciples. By coupling abundant plant-based pigments with a widely
studied and stable semiconductor such as TiO2, this approach
minimizes environmental impact while enhancing photo-
catalytic performance. Future research should focus on
improving dye–TiO2 binding stability, exploring co-sensitization
strategies, integrating these materials into scalable reactor
designs, and evaluating their performance against complex
industrial effluents. Overall, bio-dye-sensitized TiO2 nano-
photocatalysts hold signicant promise for next-generation,
solar-driven water purication technologies.
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