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hollow silica shells and subsequently modifying the outer surface with pH-responsive
poly(acrylic acid) (PAA), forming PAA/SiO,/void/TiO,. The nanocomposites were synthesized
using monomer volumes of 0.7, 1.4, and 2.1 mL, denoted as (0.7)PAA/SiO,/void/TiO,,
(1.4)PAA/SIO,/void/TiO,, and (2.1)PAA/SiIO,/void/TiO,, respectively. Structural and chemical
analyses confirmed the successful integration of all components. 'H NMR validated the PAA
structure, while FTIR and TEM revealed characteristic bands and a distinct hollow core—shell
morphology with uniform TiO, encapsulation and a stable SiO, framework, though the PAA layer
was not visible due to its organic nature. UV-vis—NIR spectroscopy revealed a bandgap of 3.6
eV, attributed to the hybrid framework. Although substantially higher activity was expected with
the addition of PAA, the degradation of bisphenol A (BPA) remained relatively low. The
(0.7)PAA/SiO,/void/TiO, achieved 16% degradation under UV and 7.5% under visible light,
while higher PAA loadings further reduced activity due to excessive surface coverage. Despite
the lower activity, the photocatalyst exhibited pH-responsive behavior, with BPA degradation
increasing from 4.4% at pH 5 to 7.5% governed by the surface functionality of PAA. These
findings highlight the potential of PAA/SIO,/void/TiO, as pH-responsive photocatalysts for
emerging contaminant degradation.
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1.0 INTRODUCTION

Titania (TiO,), a versatile metal oxide semiconductor, has been extensively studied for its photocatalytic ability to degrade a
wide range of environmental pollutants [1]. Among its polymorphs, anatase exhibits the highest photocatalytic activity due to
its high surface area, superior charge carrier mobility, and lower electron—hole recombination rate [1, 2]. These properties,
coupled with its stability, low toxicity, and affordability, make TiO, one of the most promising photocatalysts for environmental
remediation and water treatment applications.
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Despite its advantages, pristine TiO, faces critical limitations that restrict its performance. Its wide bandgap (E;~3.2 eV)
confines photoactivation to the ultraviolet (UV) region, which accounts for only a small fraction of solar energy [3].
Furthermore, rapid recombination of photoinduced charge carriers reduces photocatalytic efficiency, limiting its effectiveness
under practical conditions [4]. Various modification strategies have been explored to overcome these drawbacks, such as
doping with metals and non-metals or surface modification with polymers [5-7]. While these approaches can improve visible
light response and charge separation, they often suffer from high cost, complicated synthesis, or stability issues.

Direct surface modification of TiO, with pH-responsive polymers, such as poly(acrylic acid) (PAA), offers certain
advantages by introducing functional groups and improving dispersibility [8]. However, this strategy is not sustainable, as the
strong oxidative activity of TiO, can degrade organic components, compromising polymer stability and long-term photocatalytic
performance [9]. In order to overcome this limitation, TiO, can be encapsulated within hollow silica (SiO,) shells, which act as
protective barriers that prevent direct contact between TiO, and PAA (PAA/SiO,/void/TiO, NCs). The SiO, shell provides
structural stability, protects the PAA from degradation, and simultaneously preserves the intrinsic photocatalytic properties of
TiO,.

In addition to protection, hollow SiO, shells offer functional benefits. Their mesoporous structure allows pollutant
molecules to diffuse through the SiO, layer and reach the encapsulated TiO, surface, ensuring photocatalytic activity is
maintained [10]. At the same time, the hollow interior provides additional surface area and reactive sites, enhancing overall
photocatalytic efficiency. Incorporating PAA onto the outer SiO, surface further introduces pH-responsive behavior, as the
abundant carboxylic groups in PAA undergo protonation—deprotonation transitions depending on the solution pH [11]. This
adaptive property enables modulation of surface charge and pollutant interactions, creating a responsive photocatalyst
suitable for dynamic environmental conditions.

In this study, PAA/SIO,/void/TiO, NCs were synthesized through a controlled process, where the monomer content was
systematically varied to vary the polymer loading. The resulting photocatalysts were subjected to comprehensive
characterization to confirm their structural integrity and physicochemical properties. Photocatalytic performance was then
evaluated using bisphenol A (BPA) as a model pollutant under both UV and visible light irradiation. BPA, a widely used
industrial chemical, frequently contaminates water systems through improper disposal and industrial discharge, and its
persistence in the environment poses significant risks to ecosystems and human health [12]. These characteristics make BPA
a priority target for photocatalytic degradation. Beyond photocatalytic activity, the pH-responsiveness of the
PAA/SiO,/void/TiO, NCs was also examined by assessing BPA degradation at different solution pHs.

2.0 MATERIALS AND METHOD
2.1 Materials

The following analytical-grade chemicals were used without any further purification: titanium(IV) oxide (TiO,, 299.5%),
3-aminopropyltriethoxysilane  (APS, 97%), methanol (99%), glucose (97%), ethanol (95% AR grade),
3-(2-aminoethylamino)propyltrimethoxysilane (AEAPS, 80%), tetraethyl orthosilicate (TEOS, 98%), agueous ammonia (28%),
acrylic acid (AA, 99%), 1,4-dioxane (99%), 4,4-azobis(4-cyanovaleric acid) (ACVA, 98%), n-hexane,
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB), dimethylacetamide (DMAc, 299%), 4-dimethylaminopyridine
(DMAP, 299%), N,N'-dicyclohexylcarbodiimide (DCC), and bisphenol A (BPA). Distilled water served as the primary solvent
throughout all synthesis and washing procedures. All reagents were obtained from Aldrich unless otherwise specified.

2.2 Preparation of PAA/SiO,/void/TiO,NCs

2.21 Preparation of SiO,/void/TiO,

The SiO,/void/TiO, was prepared following the method proposed by Chandren and Ohtani [13]. Initially, TiO, (0.2 g) was
dispersed in 10 mL of methanol containing APS (0.247 mL) and stirred vigorously at room temperature for 2 h. The
suspension was centrifuged, washed with ethanol, and dried overnight at 80°C. The APS-modified TiO, (APS/TiO,) was then
treated with 65 mL of aqueous glucose solution (0.5 M), transferred into a 100 mL Teflon-lined autoclave, and heated at 180°C
for 6 h to form a uniform polysaccharide coating. The resulting carbon-coated TiO, (C/TiO,) was washed with ethanol and
dried overnight at 80°C. Next, C/TiO, (0.2 g) was dispersed in 10 mL of methanol containing AEAPS (0.965 mL) and stirred for
2 h. The AEAPS-functionalized C/TiO, was then suspended in 10 mL of methanol containing TEOS (0.4273 mL), aqueous
ammonia (0.5 mL), and distilled water (2 mL). The suspension was stirred for 1.5 h at room temperature to form a SiO, layer.
The resulting SiO,/C/TiO, was washed with ethanol, dried at 80°C, and finally calcined in air at 600°C for 2 h to remove the
carbon layer, yielding SiO,/void/TiO,.
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2.2.2 Preparation of PAA

PAA was synthesized via RAFT polymerization by varying the amount of acrylic acid monomer (0.7, 1.4, and 2.1 mL) which
were selected in accordance with previous studies as they provide a suitable range of monomer concentrations that maintain
good RAFT control while avoiding issues such as gelation or excessive viscosity at higher loadings [14, 15]. In a round-bottom
flask equipped with a magnetic stirrer, 1,4-dioxane (5 mL) was mixed with acrylic acid, CPADB (0.1664 g), and ACVA (0.06 g).
The solution was purged with nitrogen gas for 30 min, and stirred at 80°C for 24 h to initiate polymerization. The resulting
polymer was precipitated with cold n-hexane (30 mL) and dried at room temperature for 24 h, yielding PAA. The different
monomer volumes corresponded to low, medium, and high PAA concentrations, respectively, enabling a systematic evaluation
of their effect on the final nanocomposites.

2.2.3 Esterification of PAA/SiO,/void/TiO,NCs

The esterification of SiO,/void/TiO, with PAA was carried out following the procedure reported by AnZlovar et al. [16]. Initially,
PAA (0.3 g) was dissolved in DMAc (10 mL) to prepare the polymer solution. Next, SiO,/void/TiO, (0.1 g) was dispersed into
the solution under stirring to achieve uniform mixing. Once homogenized, DCC (0.295 g) and DMAP (0.175 g) were added as
esterification catalysts. The mixture was stirred for 15 min, purged with nitrogen gas for 30 min, and maintained at 60°C under
continuous stirring for 24 h to allow ester bond formation. After the reaction, the product was washed thoroughly with ethanol
and dried at 50°C for 4 h. The resulting material was denoted as PAA/SiO,/void/TiO, NCs. Sample codes corresponding to
each synthesized composite are listed in Table 1.

Table 1: Coding of PAA/SiO,/void/TiO, NCs prepared

Sample code AA (mL) TiO, (9) Glucose concentration (M) Silylation time (h)
(0.7)PAA/SiO,/void/TiO, NCs 0.7 0.2 0.5 15
(1.4)PAA/SiO,/void/TiO, NCs 1.4 0.2 0.5 1.5
(2.1)PAA/SiO,/void/TiO, NCs 2.1 0.2 0.5 15

2.3 Characterization

PAA/SiO,/void/TiO, NCs were characterized using a range of analytical techniques. The (0.7)PAA/SiO,/void/TiO, NCs was
selected for detailed characterization as a representative system, since all three variants exhibited qualitatively similar
structural and optical features. Proton nuclear magnetic resonance ('H NMR) spectroscopy was carried out on a Bruker
DMX500 spectrometer operating at 400 MHz, with the polymer sample dissolved in deuterium oxide to confirm the polymer
structure. Fourier-transform infrared (FTIR) spectroscopy was performed on a Perkin-Elmer Series 1600 spectrometer to
identify functional groups, prepared by mixing the photocatalysts with potassium bromide (KBr) in a 1:100 ratio and scanning
in the range of 400 — 4000 cm™'. Transmission electron microscopy (TEM) was conducted on a high-resolution Hitachi HT7700
operated at 120 kV to examine the internal morphology and hollow core—shell structure of the composites. Optical absorption
properties were determined using UV—-vis—NIR spectroscopy on a JASCO V-670 spectrophotometer in the range of 200 — 800
nm, with the bandgap (E,) estimated using the Tauc plot method.

24 Photocatalytic Testing

The photocatalytic activity of PAA/SiIO,/void/TiO, NCs was evaluated by monitoring the degradation of BPA under UV and
visible light irradiation. A 6 W UV lamp was used as the UV source, while a Philips 18 W LED bulb served as the visible light
source following the method reported by Lian et al. [17]. The experimental setup used for photocatalytic testing is shown in
Figure 1. In each test, 50 mL of BPA solution (25 ppm) was mixed with 0.05 g of photocatalyst, and the suspension was stirred
in the dark for 1 h to establish adsorption—desorption equilibrium. Following this step, the suspension was irradiated for 2 h,
and 5 mL aliquots were withdrawn at specific intervals for analysis. BPA concentration was determined using a UV-Vis
spectrophotometer, and the photocatalytic efficiency was calculated according to Equation 1.



93 Vadivellu et al. / J. Mater. Life Sci. 4:2 (2025) 90-101

Photocatalytic
reaction box

UV or visible lamp —

Photocatalysts + BPA
solution

T————T»
g2
/|
/]
Gaass
|

Magnetic stirrer bar

Magnetic stirrer

Figure 1 : Schematic illustration of the photocatalytic reaction setup

C
Degradation percentage (%) = —— x 100% (Equation 1)

0

Where C, is the initial concentration after 1 h dark reaction, C is the concentration of BPA after being treated with UV and
visible light irradiation.

25 pH-responsiveness Test

The pH-responsiveness of PAA/SiO,/void/TiO, NCs was evaluated by assessing the photocatalytic degradation of BPA under
visible light at pH 5, 7, and 9, representing acidic, neutral, and basic conditions. These values were selected to avoid extreme
conditions that could compromise catalyst stability or alter degradation pathways, while still allowing the influence of pH on
BPA solubility, ionization, and degradation efficiency to be examined. 50 mL of BPA (25 ppm) was adjusted to pH 5 with 0.05
M HCI, pH 9 with 0.05 M NaOH, while pH 7 remained unadjusted. Photocatalytic tests were carried out using the same
procedure as the photocatalytic activity experiments, where photocatalysts were stirred in the dark for 1 h to establish
adsorption—desorption equilibrium, followed by visible light irradiation with a Philips 18 W LED bulb for 2 h. After irradiation, 5
mL aliquots were withdrawn and analyzed using a UV-Vis spectrophotometer to determine BPA concentration, and
degradation efficiency was calculated using Equation 1.

3.0 Results and Discussion
31 Physicochemical Properties of PAA/SiO,/void/TiO, NCs
3.1.1  Structural Verification of PAA by 'H NMR Spectroscopy

"H NMR spectroscopy analysis was conducted to determine the chemical structure of PAA. Figure 2 shows the '"H NMR
spectra of acrylic acid (AA) and the synthesized PAA. The analysis focused exclusively on AA and PAA, as SiO, and TiO, are
insoluble and lack NMR-active nuclei, rendering them unsuitable for this technique [18]. Figure 2(A) shows the spectrum of the
AA, where characteristic vinylic proton peaks are observed at 5.8 ppm (a), 6.2 ppm (b), and 6.5 ppm (c), confirming the
presence of —-CH=CH, groups [19]. Detailed multiplet analysis of these signals reveals the expected scalar couplings for a
vinyl AMX system. A trans-coupling between b and c of approximately J, . = 16 Hz, a cis-coupling between a and b of J,, = 10
Hz, and a geminal coupling between a and c of J,. = 2 Hz. These J-values are consistent with the stereoelectronic
characteristics of the acrylic acid double bond. A sharp downfield signal at 12.4 ppm (d) corresponds to the carboxylic acid
(—~COOH) proton of AA [20].

In contrast, the '"H NMR spectrum of PAA (Figure 2(B)) shows broad peaks at 1.6 ppm (a) and 2.2 ppm (b), assigned
to methylene (-CH,) and methine (—CH) protons along the polymer backbone. The signals in the 1.2 — 1.8 ppm correspond to
—CH, groups [21], while those closer to 2.0 — 2.5 ppm are associated with —CH protons adjacent to —-COOH groups [22]. The
broad nature of these peaks reflects the high molecular weight and conformational flexibility of the polymer chains, which
generate a distribution of chemical environments. Furthermore, the downfield -COOH signal typically observed between 10 —
13 ppm is absent, likely due to rapid proton exchange with D,O and extensive hydrogen bonding, both of which suppress its
detection [23]. The assigned chemical shifts and J-coupling constants for AA and PAA are summarized in Table 2.
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Meanwhile, residual vinylic signals in the 5.8 — 6.5 ppm region indicate that some AA remained unreacted,
suggesting incomplete polymerization, which may arise from insufficient reaction time, reduced initiator efficiency, or kinetic
limitations during chain propagation [24]. Additional signals between 7 — 8 ppm were attributed to the aromatic protons of the
RAFT agent (CPADB), confirming retention of the chain-end functionalities [25]. Hence, the emergence of broad PAA
backbone signals, together with the RAFT end-group resonances, confirms the successful synthesis of PAA.
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(B) Poly(acrylic acid)
a
b
M
COOH MJJ\L
A w
" 12 1 1w e 8 7 6 5 4 3 2 1

Chemical shift (ppm)
Figure 2 : 'H NMR spectra of (A) Acrylic acid and (B) Poly(acrylic acid)

Table 2: Summary of "H NMR chemical shifts and J-couplings for AA and PAA

Sample o (ppm)  Proton J (Hz) Assignment
5.80 a Jap=10; J,c=2 Vinyl proton (-CH=CH,,
AA 6.20 b Jpe=16; J,p =10 Vinyl proton (-CH=CH,,
6.45 c Jbpe=16; J,c=2 Vinyl proton (—CH=CH,,
12.40 d - Carboxylic acid proton (-COOH)
PAA 1.6 a - —CH,— backbone
2.2 b - —CH- adjacent to -COOH

3.1.2 Functional Group Analysis by FTIR Spectroscopy

FTIR spectroscopy was employed to investigate the functional groups of the synthesized (0.7)PAA/SiO,/void/TiO, NCs, with
the corresponding spectrum presented in Figure 3. A broad absorption band centered at 3431 cm™ is attributed to hydroxyl
stretching (O-H) from carboxylic acid groups (—COOH) in PAA [26]. The broadness of this band indicates strong hydrogen
bonding interactions, which may also involve surface O—H groups on TiO, or SiO,[27]. A weaker absorption near 3311 cm™ is
most likely due to N—H stretching vibrations originating from residual RAFT end-groups (CPADB) [28]. Distinct absorptions at
2926 and 2852 cm™ correspond to aliphatic C—H stretching vibrations, consistent with the hydrocarbon backbone of PAA [26].
The band at 1627 cm™ corresponds to C=0 stretching, confirming the presence of COOH from PAA [29].

Moreover, a sharp absorption at 1092 cm™ is assigned to Si—O stretching, indicating successful SiO, encapsulation
[27]. Additional signals observed at 712, 672, 640, and 600 cm™" are most likely due to Ti—O lattice vibrations characteristic of
anatase TiO, [30]. Further peaks at 561, 522, and 455 cm™' may be attributed to deeper Ti—-O modes, suggesting a stable TiO,
framework was retained even after encapsulation and surface modification. Therefore, these findings confirm that the PAA,
SiO,, and TiO, components were successfully integrated into the nanocomposites, while the fundamental structural integrity of
TiO, was preserved.
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Figure 3 : FTIR spectrum of (0.7)PAA/SiO,/void/TiO, NCs
3.1.3 Structural Properties by Transmission Electron Microscopy (TEM)

The structural properties of the (0.7)PAA/SiO,/void/TiO, NCs are illustrated in Figure 4. The TEM image reveals a core—shell
structure, where TiO, nanoparticles are encapsulated within an internal void and further surrounded by an outer SiO, layer.
The central TiO, core, appearing as the darkest region due to its high electron density and strong scattering ability [31], has an
average diameter of approximately 67 nm, consistent with previous studies reporting similar contrast features of TiO,-based
nanostructures [32]. This core serves as the photocatalytically active region, providing essential redox functionality.

Figure 4 : TEM image of (0.7)PAA/SiO,/void/TiO, NCs

Surrounding the TiO, is a lighter contrast void space, formed during the synthesis and subsequently defined by
calcination. This void, with a measured thickness of around 119 nm, indicates the successful removal of the sacrificial carbon
layer and contributes to lower particle density and enhanced molecular diffusion. In addition to the primary cavity, smaller
low-density regions adjacent to the TiO, core can be observed, which may be attributed to localized dissolution or partial
hollowing processes during heat treatment [33].

Encapsulating the entire structure is a SiO, shell, visible as a lighter grey boundary in the TEM image. This shell
exhibits an average thickness of about 42 nm, most likely resulting from the controlled hydrolysis and condensation of TEOS
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during silylation [34]. The shell plays a dual role: providing mechanical stability and chemical protection for the inner TiO, core,
while also facilitating mass transport across the particle interface [35].

Although PAA is a crucial component in stabilizing and functionalizing the nanocomposites, it is not visible in TEM
imaging due to its low electron density and organic nature, which produces negligible contrast under the electron beam [36].
Nonetheless, the TEM results confirm the successful fabrication of a hollow core—shell nanostructure comprising a TiO, core,
an internal void, and an outer SiO, shell, validating the intended design of the (0.7)PAA/SiO,/void/TiO, NCs.

3.1.4 Optical Properties and Bandgap Determination by Ultraviolet-visible-Near-Infrared (UV-vis-NIR)
Spectroscopy

The optical properties of the (0.7)PAA/SiO,/void/TiO, NCs were investigated using UV-vis-NIR absorption spectroscopy, as
shown in Figure 5(a). The spectrum displays multiple absorption features arising from the organic and inorganic components
of the nanocomposites. Two absorption peaks between 230 — 250 nm are attributed to electronic transitions in PAA [37].
Specifically, the peak near 230 nm corresponds to a ™ — T transition in the carbonyl group, while the weaker band around
250 nm is assigned to an n — 1 transition involving excitation of non-bonding electrons on oxygen atoms to the anti-bonding
* orbital. These transitions confirm the presence of PAA functionalities in the nanocomposites.

8 40
(a) (]

e
6 304

g ° §

8 2

g 4- £ 201

0w

8

< 3
2 104
1 .

3.6eV
0 T T T T T T g T g T T 0 T T T
200 300 400 500 600 700 800 2 3 4
Wavelength (cm™) Energy (hv)

Figure 5 : (a) Absorption spectrum and (b) Tauc plot of the (0.7)PAA/SiO,/void/TiO, NCs

A broader and more intense absorption band is observed between 290 and 310 nm, which corresponds to the
fundamental band-to-band transition of anatase TiO, nanoparticles [38]. This transition arises from electron excitation from the
O 2p valence band to the Ti 3d conduction band, a characteristic optical feature of TiO,. The incorporation of SiO, may
contribute to slight variations in peak intensity, but the dominant absorption features are consistent with those of PAA and TiO..
Beyond 330 nm, the absorption intensity decreases sharply, with only weak tailing into the visible region, which may be
attributed to scattering effects introduced by the hollow SiO, shell [39].

The E, of the photocatalysts was evaluated using the Tauc plot approach. In this method, a plot of (ahv)"? against
energy (hv) was constructed, and the E4 value was estimated by extrapolating the linear region of the curve to the x-axis. As
shown in Figure 5(b), the linear extrapolation of the absorption edge yielded an Eg of 3.6 eV for the (0.7)PAA/SiO,/void/TiO,
NCs. This value is higher than the typical E4 of anatase TiO, (3.2 eV), indicating that the incorporation of the SiO, hollow shell
and void structure significantly influences the optical properties of the system [40].

The increase in E4 can be attributed to dielectric confinement effects: the low dielectric constant of SiO, and the void
space surrounding TiO, reduce charge screening, thereby increasing exciton binding energy and shifting the optical transition
to higher energy [41]. Additionally, interfacial interactions between PAA functional groups and TiO, surfaces may further
perturb the electronic band structure, contributing to the observed E; widening [42].

Thus, these results confirm that the unique architecture of the nanocomposites modifies the local electronic
environment of TiO,, resulting in a widened E4 and altered optical behaviour compared to bare TiO,. Such modifications may
influence charge separation and photocatalytic activity, highlighting the importance of structural design in tailoring
semiconductor—polymer composites for environmental applications.
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3.2 Photocatalytic Testing

The photocatalytic activity of the synthesized PAA/SiO,/void/TiO, NCs under UV irradiation was conducted using BPA as a
model contaminant, and the results are presented in Figure 6. After 2 h of exposure, distinct differences in degradation
efficiencies were observed, demonstrating the strong influence of material composition on photocatalytic performance. The
commercial TiO, exhibited the highest activity, achieving 91.1% degradation of BPA. This high efficiency is consistent with the
well-known photocatalytic behaviour of TiO,, attributed to its suitable E, for UV absorption, high surface area, and effective
charge separation [43]. In contrast, the photolysis control, performed without any photocatalyst, resulted in only 13%
degradation, confirming that BPA is relatively stable under UV light alone and that the presence of a photocatalyst is essential
for efficient degradation [44].

Although it was hypothesized that the addition of PAA would significantly enhance BPA degradation by improving the
interaction between the photocatalysts and the surrounding medium, the experimental results did not reflect the same. The
(0.7)PAA/SIO,/void/TiO, NCs achieved the highest BPA removal efficiency of 16%, slightly above photolysis alone, whereas
the (1.4)PAA/SIO,/void/TiO, NCs and (2.1)PAA/SiO,/void/TiO, NCs exhibited lower efficiencies of 5% and 2%, respectively.
The decline in photocatalytic performance with higher PAA loadings is likely due to the formation of thicker polymer layers or
longer polymer chains that hinder light penetration, reduce the number of exposed TiO, active sites, and limit charge carrier
transport [45]. Nevertheless, the inclusion of PAA was intended to impart pH-responsive functionality and determine how
variations in solution pH influence the photocatalytic behaviour of the nanocomposites.
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Figure 6 : Degradation efficacy of BPA under UV light irradiation in the presence of different photocatalysts. Experiment
condition: addition of photocatalyst (0.05 g) in BPA (25 ppm) and reaction time of 2 h

Since UV light represents only a minor portion of the solar spectrum, achieving photocatalytic activity under visible light
is crucial for practical applications in pollutant degradation. For this reason, the best-performing photocatalysts under UV
irradiation (0.7)PAA/SiO,/void/TiO, NCs were evaluated alongside commercial TiO, under visible light exposure. The results,
shown in Figure 7, reveal that commercial TiO, achieved 9% BPA degradation after 2 h, while the (0.7)PAA/SiO,/void/TiO,
NCs displayed a slightly lower degradation efficiency of 7.5%. The limited activity observed for both materials arises from the
wide E4 of TiO,, which restricts absorption primarily to the UV region, thereby suppressing efficient charge carrier generation
under visible light [43]. In addition, the PAA coating in the nanocomposites may have further hindered photon absorption and
charge transfer, slightly reducing photocatalytic efficiency compared to commercial TiO, [6].

These results emphasize that although (0.7)PAA/SiO,/void/TiO, NCs perform relatively well under UV light, their
photocatalytic activity does not extend effectively into the visible range. This limitation highlights the need for further material
modifications, particularly to improve responsiveness under visible light irradiation. In addition to light responsiveness,
photocatalytic efficiency is also strongly governed by the solution environment, where pH can alter surface charge properties
and pollutant speciation. Therefore, the next investigation examines how varying pH conditions influence the photocatalytic
performance of the nanocomposites.
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Figure 7 : Degradation efficacy of BPA under visible light exposure utilizing commercial TiO, and (0.7)PAA/SiO,/void/TiO,
NCs. Experiment condition: addition of photocatalyst (0.05 g) in BPA (25 ppm) and reaction time of 2 h

3.3 pH-responsiveness Test

The pH-responsiveness of the synthesized (0.7)PAA/SIO,/void/TiO, NCs was evaluated by examining their photocatalytic
degradation of BPA under visible light irradiation. This assessment provides insight into how acidic, neutral, and basic
environments influence photocatalytic activity, reflecting both the stability and adaptability of the photocatalysts. BPA solutions
were adjusted to pH 5, 7, and 9 to represent conditions relevant to practical aqueous systems.

As shown in Figure 8, the degradation efficiencies at pH 5, 7, and 9 were 4.4%, 6.0%, and 7.5%, respectively. These
results indicate a modest but consistent improvement in photocatalytic activity as the solution shifts from acidic toward alkaline
conditions. Under acidic conditions (pH 5), the photocatalyst surface is likely protonated, which reduces electrostatic
interaction with BPA molecules and limits the generation of reactive species such as hydroxyl radicals [46]. In contrast, at pH 7
and 9, the photocatalyst surface becomes increasingly negatively charged, enhancing electrostatic attraction with
deprotonated BPA molecules and facilitating the formation of hydroxyl radicals from available hydroxide ions [47]. This
progression accounts for the higher degradation efficiency observed under alkaline conditions.
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Figure 8 : Degradation efficacy of BPA under visible light irradiation in the presence of (0.7)PAA/SiO,/void/TiO, NCs with
different pH. Experiment condition: photocatalyst (0.05 g) was added to BPA with different pHs and a reaction time of 2 h
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The influence of pH is further clarified by the conformational behaviour of the PAA chains in the nanocomposites, as
shown in Figure 9. At low pH, the COO™ of PAA is protonated, resulting in neutralized chains that collapse toward the TiO,
surface. This compact conformation forms a dense barrier, hindering the diffusion of BPA molecules and light to the catalytic
core, thereby suppressing photodegradation efficiency [48]. In contrast, at higher pH, deprotonation of COOH introduces
electrostatic repulsion among polymer chains, causing them to swell and expand [49]. This swollen state increases the contact
surface and facilitates the diffusion of pollutants and photons towards TiO,, thus enhancing photocatalytic activity.

Despite the slight enhancement at higher pH, the overall degradation percentages remained low, indicating that the
current nanocomposite structure is not sufficiently effective under visible light. This limitation likely arises from restricted light
absorption and rapid recombination of photogenerated charge carriers, which reduces the formation of reactive species.
Nonetheless, the results confirm that the (0.7)PAA/SiO,/void/TiO, NCs exhibit measurable pH responsiveness, suggesting that
further structural modifications, such as the incorporation of visible-light-active dopants, could significantly improve
photocatalytic performance across different environmental conditions.
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Figure 9 : lllustration of (0.7)PAA/SiO,/void/TiO, NCs behaviour under different pH

4.0 CONCLUSION

This study successfully synthesized PAA/SiO,/void/TiO, NCs with varying PAA loadings via controlled encapsulation and
polymer functionalization. Characterization confirmed the formation of hollow core—shell structures with retained anatase
crystallinity. Optical analysis indicated a widened E, (3.6 eV) due to the SiO, shell and PAA interactions. Photocatalytic testing
showed that the (0.7)PAA/SiO,/void/TiO, NCs achieved only 16% degradation of BPA under UV light, while higher PAA
loadings further reduced activity due to excessive surface coverage and hindered charge transport. Under visible light, both
the (0.7)PAA/SIO,/void/TiO, NCs and commercial TiO, displayed limited photocatalytic activity, reflecting the wide E, of TiO,
and restricted photoresponse in this region. Although the overall photocatalytic efficiencies were low, the incorporation of PAA
introduced pH-responsive behaviour, with enhanced photocatalytic performance under alkaline conditions attributed to
polymer chain swelling that improved substrate diffusion and surface interactions. These findings demonstrate that
PAA/SiO,/void/TiO, NCs provide a tunable, pH-responsive platform for photocatalytic applications, offering opportunities for
further modification to improve visible-light-driven degradation of organic pollutants.
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