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Abstract In this work, the free radical polymerization (FRP) method was employed to create pH-

responsive polymethacrylic acid-titania nanocomposites (PMAA-TiO2 NCs) for the efficient 

photocatalytic degradation of paracetamol, a commonly used analgesic and antipyretic known as 

acetaminophen. The environmental risk posed by the accumulation of paracetamol in the food 

chain underscores the need for effective water treatment solutions. The need to address potential 

environmental toxicity prompted a meticulous investigation of TiO2 and crosslinker (CL) 

concentrations on PMAA, with X-ray diffraction (XRD) confirming anatase and rutile phases. 

Fourier transform infrared (FTIR) spectra validated distinctive functional groups, and ultraviolet-

visible near-infrared (UV-vis-NIR) spectroscopy determined bandgap energy alignment within the 

anatase TiO2 range. Field emission scanning electron microscopy (FESEM) revealed seamless 

integration of PMAA with TiO2 nanoparticles, displaying a size distribution of 35 to 80 nm. 

Thermogravimetric analysis (TGA) demonstrated polymer degradation at 300 – 500 °C. Notably, 

the pH-dependent photocatalytic efficiency showed optimal TiO2 (0.4 g) and CL (0.7 g), achieving 

60.3% removal efficiency in basic conditions and 21.1% in acidic conditions under UV light. This 

pH-responsive behavior was attributed to the swelling effect of PMAA under basic conditions, 

which increased the surface area and provided more active sites for photocatalysis. The PMAA 

layer's ionization in basic environments led to a highly negatively charged surface, facilitating 

greater interaction with reactive oxygen species (ROS) and enhancing photocatalytic 

performance. These results highlight PMAA's crucial role in imparting pH responsiveness to TiO2, 

emphasizing its significance in environmental remediation. 

Keywords: Photocatalyst, Titania, Polymethacrylic Acid, Free Radical Polymerization, Paracetamol. 
 

 

Introduction 
 

TiO2 nanoparticles (TiO2 NPs) stand as a cornerstone in the realm of photocatalysis, presenting 
themselves as a naturally occurring oxide with remarkable properties [1]. TiO2, particularly in the anatase 
form, exhibits unparalleled photocatalytic activity, making it a promising agent for the elimination of 
environmental pollutants [2]. The advantages of TiO2, including non-toxic characteristics, chemical 
stability [3], environmental friendliness, and low cost, have propelled its extensive application in various 
fields, from construction materials [4] to wastewater treatment [5]. Despite these commendable 
attributes, the practical use of TiO2 faces challenges, particularly in harnessing solar energy for 
photocatalysis and optimizing its catalytic efficiency due to rapid charge carrier recombination. Generally, 
TiO2 demonstrates limited photocatalytic activity in visible light due to its relatively wide bandgap (Eg) 
(~3.2 eV), which falls within the Ultraviolet (UV) radiation range (100 – 400 nm) [6]. Due to this restriction, 
TiO2 can only use around 5% of the solar energy [7]. On the other hand, the acidity and basicity of surface 
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sites can also significantly influence the catalytic performance of TiO2 [8]. In regard to these two points, 
the photocatalytic activity of TiO2 NPs cannot be fully maximized since it has a low adsorption capacity 
and is not sensitive to pH changes.  

 

Various systems have been developed for the specific photodegradation of paracetamol using 
heterogeneous photocatalysts. Advanced oxidation processes involving TiO2 combined with hydrogen 
peroxide (H2O2) have been utilized to generate reactive oxygen species, enhancing paracetamol 
degradation [9]. Although effective, these methods are often costly and require tight control of reaction 
conditions. Other studies have explored alternative photocatalysts, such as zinc oxide (ZnO) and iron 
oxides (Fe2O3), which have shown improved degradation rates. Nevertheless, challenges such as 
instability and poor responsiveness to pH variations persist [10, 11]. Pure TiO2 has also been employed 
for paracetamol degradation, achieving moderate efficiencies of 40 – 60 % under UV light [12]. However, 
TiO2 systems generally suffer from pH insensitivity, which limits their performance across different 
environmental conditions. 

 

In the dynamic domain of photocatalytic processes, the imperative fusion of pH-responsive attributes 
into photocatalysts stands as an essential pursuit. This synergistic amalgamation assumes profound 
importance, acting as a catalyst to elevate the selectivity and precision of the photocatalyst amidst a 
myriad of reactions [13]. The integration of pH-responsive functionalities emerges as a pivotal 
cornerstone, enabling a meticulously orchestrated release of active species in harmony with the 
subtleties of kinetics and reaction mechanisms [14]. This refined control enhances the catalytic process 
and maximizes the photocatalyst's overarching efficiency [15]. Therefore, this study aims to address 
these limitations through a synthesis approach that involves incorporating TiO2 into polymer 
nanocomposites (PNCs).  

 

PNCs have gained prominence due to their unique physical and chemical properties, enhancing 
mechanical strength, electrical and thermal conductivity, toughness, and stiffness [16]. Stimuli-
responsive polymers are one type of smart material due to the unique ways they react to external stimuli 
such as light, temperature, and pH in various applications [17]. As a result, these polymers change their 
topography, physical and chemical characteristics. Poly(methacrylic acid) (PMAA) is one of the pH-
sensitive polymers with carboxylic acid groups that respond to changes in pH. The pKa value of PMAA 
is 6.0, indicating that it is a weak polyacid [18]. PMAA can swell in basic environments due to the 
electrostatic repulsion between deprotonated –COOH [19]. On the other hand, PMAA has the potential 
to shrink in acidic conditions due to the protonation of the COO– groups.  

 

The swelling effect of PMAA occurs significantly under specific reaction media, particularly in an alkaline 
condition [20]. The PMAA may behave like a highly water-swollen material in an alkaline suspension, 
which induces high surface area and permeability to reaction substrates. As a result, the increased 
surface area in alkaline conditions enhances the accessibility of reactive sites within the polymer matrix, 
facilitating better interaction between the photocatalyst and the reaction medium. This is hypothesized 
to contribute to improved photocatalytic activity. Moreover, it has been observed that the basicity of the 
TiO2 surface can be improved through surface modification with a polymer. According to Jin et al. [21], 
the stability and basicity of the TiO2 surface are increased by higher surface charges, resulting in a higher 
rate of adsorption. This is due to the increasing surface charges after modification, which enhance the 
intermolecular forces between the carboxylic acid functional group [22]. Therefore, the modification with 
PMAA can enhance TiO2 photocatalytic efficiency due to the higher adsorption rate and active sites 
available for adsorption [23]. 

 

In this context, the incorporation of PMAA into TiO2 serves as a strategic solution to enhance 
photocatalytic activity, leveraging the pH-responsive nature of PMAA. PMAA-TiO2 NCs can be 
synthesized via free-radical polymerization, which involves the polymerization of monomers with low 
molecular weight in the presence of a cross-linking agent [24]. This research addresses environmental 
concerns related to the limited biodegradability of pharmaceutical substances, with a specific emphasis 
on paracetamol. Paracetamol was extensively employed for alleviating headaches, backaches, and 
rheumatic pain [25]. Its significance in COVID-19 treatment plans globally has led to a surge in its usage, 
posing an increased risk of environmental release [26]. However, paracetamol exhibits minimal 
biodegradability, emphasizing the critical need for alternative approaches like employing heterogeneous 
photocatalysts with TiO2 [27]. 

 

In this work, pH-responsive PMAA-TiO2 NCs composed of a stimuli-responsive polymer, PMAA, and 
TiO2 were synthesized by free radical polymerization (FRP), where the amount of TiO2 and crosslinker 
(CL) was varied. The photocatalytic activity of TiO2 nanoparticles (NPs) was improved by integrating 
them into pH-responsive polymer nanocomposites (PNCs). Although TiO2 nanoparticles have limits in 
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terms of their activity in visible light and sensitivity to pH, these issues can be overcome by using pH-
responsive polymers. Poly(methacrylic acid) (PMAA), a polymer that is sensitive to changes in pH, was 
selected due to its ability to expand and contract in response to pH variations. The PMAA-TiO2 NCs 
obtained for each parameter were evaluated for the photocatalytic activity in the photodegradation of 
paracetamol under UV light irradiation to optimize the amount of TiO2 and CL used. Next, the PMAA-
TiO2 NCs with the highest and lowest photocatalytic efficacy for each parameter were characterized 
using various instruments to determine the physicochemical properties, followed by the pH 
responsiveness test of the PMAA-TiO2 NCs with the optimum amount of TiO2 and CL to evaluate their 
pH-responsive properties in acidic and basic solutions, offering insights into their adaptability for diverse 
wastewater treatment conditions. The pH-responsiveness test affects the NCs' ability to adapt to varying 
pH conditions, with different degradation rates observed in several conditions. 

 
Materials and Methods 
 

The reagents titanium(IV) oxide (TiO2, ≥99.5%), methacrylate acid (MAA, 98%), 2,2′-azobis (2-
methylpropionamidine) dihydrochloride (AMPA, 98%), N,N′-methylene-bis-acrylamide (ABM, 96%), 
sodium hydroxide (NaOH, ≥97%), hydrochloric acid (HCl, 37%), and paracetamol (98%) were purchased 
from Sigma-Aldrich. Distilled water was used throughout the experiments. All reagents were used without 
any further purification.  

 

Synthesis of PMAA-TiO2 NCs 
PMAA-TiO2 NCs were synthesized through free radical polymerization (FRP) in distilled water, employing 
AMPA as the initiator at a controlled temperature of 65 °C [33]. In the standard polymerization process, 
0.2 g of TiO2 was dispersed in 12 mL of distilled water with ultrasonication assistance for 10 minutes, as 
depicted in Scheme 1. Subsequently, 0.04 g of the initiator (AMPA) and 0.2 g of ABM were introduced 
to the mixture, followed by a 15-minute stirring period before transferring to a sealed round-bottom flask. 
MAA monomer (2 mL) was subsequently added to the mixture during this stage. The mixture underwent 
a 30-minute nitrogen flow and was immersed in an oil bath at 65 °C for 6 hours [25]. The resulting PMAA-
TiO2 NCs were washed with distilled water to eliminate unreacted substances [35]. The solid product 
was then left to dry overnight at room temperature. Following the synthesis, the photocatalytic activity of 
the PMAA-TiO2 NCs was evaluated by degrading paracetamol under UV light irradiation. To optimize 
the amount of TiO2 as the photocatalyst, the weight of TiO2 nanoparticles was varied. Subsequently, the 
entire procedure was reiterated, incorporating the optimal TiO2 amount from the initial study, with varying 
amounts of CL, as detailed in Table 1. 

 

 
 

Scheme 1. Schematic illustration of the preparation method of PMAA-TiO2 NCs. 
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Table 1. Experimental conditions of the synthesis of PMAA-TiO2 NCs via FRP in distilled water at 65 °C. 

 

Samples 
Amounts 

TiO2 (g) ABM (g) AMPA (g) 

PMAA-TiO2-0.2 0.2 0.2 0.04 

PMAA-TiO2-0.4 0.4 0.2 0.04 

PMAA-TiO2-0.5CL 0.4 0.5 0.04 

PMAA-TiO2-0.7CL 0.4 0.7 0.04 

 

 

The TiO2 loadings (0.2 g and 0.4 g) were selected to compare low and higher photocatalyst contents, 
where 0.4 g has been reported in prior studies [28] to provide optimal nanoparticle dispersion and light 
absorption without excessive agglomeration. Similarly, CL concentrations of 0.5 g and 0.7 g were chosen 
to evaluate the influence of crosslinking density on the rigidity of the PMAA network and the accessibility 
of TiO2 active sites, as values in this range have been widely applied in polymer–TiO2 NCs. 

 

Characterization 
PMAA-TiO2 NCs were characterized using advanced analytical techniques. Fourier-transform infrared 
spectroscopy (FTIR) was performed with a Perkin-Elmer 1600 instrument in transmittance mode over a 
wavenumber range of 4000 – 400 cm-1. UV-vis-NIR spectroscopy, conducted using a JASCO V-670 
double-beam spectrophotometer, examined electronic transitions within a wavelength range of 200 – 
800 nm, with a resolution of 1 – 2 nm. Additionally, UV-vis spectroscopy using a Shimadzu UV-1800 was 
employed to monitor the photodegradation of paracetamol, analyzing an initial concentration of 25 ppm 
within the same wavelength range, with a resolution of 1 nm. The surface morphology and particle size 
of the nanocomposites were investigated via field emission scanning electron microscopy (FESEM) 
using a JEOL JSM-6701F at an acceleration voltage of 5.0 kV. X-ray diffraction (XRD) analysis was 
performed with a Bruker D8-Advance diffractometer using Cu Kβ radiation (λ = 1.3922 Å) at 40 kV and 
30 mA to determine the phase composition and crystallite size of the TiO2 component. The diffraction 
pattern was recorded over a 2θ range of 10° – 80° with a step size of 0.02°, and phase identification was 
carried out using the ICDD database. Thermal stability was assessed using a Perkin Elmer Pyris 1 TGA 
thermal analyzer, where samples were heated from 30 – 900 °C at a rate of 10 °C/min in a platinum 
crucible under a nitrogen atmosphere with a gas flow rate of 200 mL/min. Meanwhile, nitrogen sorption 
analysis was conducted using a Thermo Scientific Surfer Analyzer to determine the surface area and 
pore size distribution. Prior to measurement, the sample was degassed at −195.8 °C to remove 
physisorbed species. 

 

Photocatalytic Activity 
The photocatalytic prowess of the PMAA-TiO2 NCs was assessed by subjecting them to the 
photodegradation of paracetamol, employing a UV lamp with a power output of 6 W and an intensity of 
590 µW/cm2. A 50 mL solution containing 25 ppm of paracetamol was mixed with 0.05 g of PMAA-TiO2 
NCs at room temperature. A magnetic stirrer ensured vigorous swirling at 800 revolutions per minute 
while the suspension resided in darkness within a UV lamp-equipped box. The system was left in the 
dark for 1 h to establish adsorption and desorption equilibrium. Subsequently, irradiation commenced, 
lasting for 3 h, during which 5 mL aliquots were withdrawn at 30 min intervals. The concentration of 
paracetamol in the samples was determined using a UV–Vis spectrophotometer, and the setup of the 
photocatalytic reactor is depicted in Figure 1. The degradation percentage was calculated using Equation 
1. 

 

Degradation percentage (%) = 
Co−C

Co
 x 100%                                           (Equation 1) 

 

Where Co is the initial concentration after 1 h dark reaction, C is the concentration of paracetamol after 
being treated with UV light irradiation. 
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Figure 1. Illustration of the self-built photocatalytic reactor for the photodegradation of paracetamol 
 

 

pH-Responsiveness Test 
The pH-responsiveness was assessed through the photocatalytic degradation of paracetamol in both 
acidic and basic solutions, with pH levels set at 2 and 11, respectively, under UV light irradiation. The 
paracetamol solution, derived by diluting 0.25 g of paracetamol in 1 L of distilled water, underwent 
specific adjustments. For the pH 2 solution, 25 mL was transferred to a flask, and 0.05 M HCl was 
incrementally added until reaching the desired pH. Similarly, for the pH 11 solution, 0.05 M NaOH was 
introduced to elevate the pH [29]. The photocatalytic testing occurred within a dark box with a UV lamp. 
Before initiating the reaction, the mixture was allowed to equilibrate in the dark for 1 h at room 
temperature with stirring to establish adsorption equilibrium. The actual test spanned 3 h, during which 
5 mL of the paracetamol solution was extracted post-reaction. The concentration of paracetamol was 
determined using a UV–vis spectrophotometer, and the photodegradation efficiency was quantified using 
Equation 1. 

 
Results and Discussion 
 

This study investigates the physicochemical properties and photocatalytic performance of pH-responsive 
PMAA-TiO2 NCs synthesized via free radical polymerization. The structural, thermal, and optical 
properties of the nanocomposites were first examined to confirm successful incorporation of PMAA and 
TiO2. Key features such as functional group presence, crystallinity, and thermal stability varied with TiO2 
and CL content. The photocatalytic activity was then evaluated through paracetamol degradation under 
UV light. 

 

Functional Groups and Chemical Bonds Analysis by FTIR  
The identification of functional groups in both TiO2 and the prepared PMAA-TiO2 NCs was accomplished 
through FTIR spectroscopy. The FTIR spectra of TiO2 and the synthesized PMAA-TiO2 NCs are 
illustrated in Figure 2(A). Commercial TiO2 exhibits a broad absorption spectrum ranging from 500 cm-1 
to 1000 cm-1, affirming the presence of Ti-O-Ti bonds [30]. The absorption band at 3418 cm-1 
corresponds to the stretching vibrations of the O-H group absorbed on the TiO2 surface [31]. Additionally, 
the existence of the Ti-OH group is corroborated by the peak at 1626.3 cm-1, signifying water adsorption 
on the surface of TiO2 [32]. 

 

The FTIR spectra of the synthesized PMAA-TiO2 NCs reveal distinctive features, including an absorption 
band at 3442 cm-1, aligning with the absorption band characteristic of TiO2. This observation signifies the 
presence of the O-H group adsorbed on the TiO2 surface [33]. Notably, all the synthesized PMAA-TiO2 
NCs display a prominent peak at 1710 cm-1, attributed to the stretching vibrations of the C=O group 
originating from PMAA [34]. However, there is an overlap with the peak at 1626.3 cm-1 resulting from the 
bending of the O-H group. The absorption peaks at 2994 cm-1 and 2951 cm-1 are assigned to the 
stretching vibrations of methyl and methylene bonds, respectively [35]. This comprehensive data strongly 
indicates the successful formation of a PMAA layer on the TiO2 surface. 
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Figure 2. (A) FTIR spectra and (B) XRD patterns of (a) commercial TiO2, (b) PMAA-TiO2-0.2, (c) PMAA-
TiO2-0.4, (d) PMAA-TiO2-0.5CL, and (e) PMAA-TiO2-0.7CL. 

 

 

Crystalline Phase Analysis 

Figure 2(B) illustrates the X-ray diffraction patterns of the PMAA-TiO2 NCs. The diffraction peaks of 
commercial TiO2, identified at 2θ values of 24.98°, 37.50°, 47.71°, 53.59°, 54.72°, 62.38°, and 74.74°, 
precisely correspond to the (101), (004), (200), (105), (201), (204), and (215) crystalline planes of 
anatase TiO2, respectively. These values align seamlessly with the anatase TiO2's database, as 
cataloged in the Joint Committee on Powder Diffraction records (JCPDS 01-075-2553). In addition to the 
anatase phase, the rutile phase is also detected in the PMAA-TiO2 NCs. The diffraction peaks manifest 
at 27.12° and 35.75°, aligning precisely with the (110) and (101) crystalline phases of rutile TiO2. This 
alignment is consistent with the ICDD 01-076-1941 database. 

 

The XRD patterns from all PMAA-TiO2 NCs display peaks identical to those observed in commercial 
TiO2. Additionally, the emergence of a distinctive bump at 2θ = 15.12° indicates the presence of the 
amorphous phase of PMAA. This broad peak strongly suggests the existence of short-range order within 
the PMAA material, providing valuable insights into its structural characteristics [36]. However, the 
prevalence of the crystalline phase of TiO2 within the PMAA matrix has been observed to increase 
proportionally with the amount of TiO2 added. The observed increase in diffraction intensity correlates 
with the augmented presence of TiO2, attributed to the rise in diffraction centers, while the crystal 
structure of TiO2 remains unaltered [28]. This phenomenon is attributed to the additional crosslinks 
between the TiO2 and PMAA chains. 

 

The widening of the peak at 2θ = 15.12°, corresponding to the amorphous phase of PMAA, expands in 
tandem with the number of crosslinkers. As the crosslinker concentration increases within the PMAA 
matrix, there is a corresponding augmentation in polymer density, leading to an elevation in the number 
of diffraction centers [37]. Consequently, the increased breadth of the peak indicates a heightened 
amorphous nature of PMAA. Based on the XRD results, it can be concluded that the successful 
incorporation of PMAA onto the TiO2 surface has been achieved without disrupting the inherent crystal 
structure of TiO2. 

 

Surface Morphology Analysis  
The morphological characteristics and the particle size distribution histogram of the commercial TiO2 and 
the synthesized PMAA-TiO2 NCs are shown in Figure 3. From the FESEM images, it can be seen that 
the particles of commercial TiO2 exhibit small sizes and nearly spherical shapes, with some noticeable 
agglomerations. This agglomeration phenomenon is common in TiO2, owing to its high surface area to 
volume ratio, leading to inherent mutual attraction between nanoparticles through van der Waals forces 
[38]. Upon the addition of PMAA to TiO2, the images reveal a surface with increased roughness, likely 
attributable to the presence of PMAA. Interestingly, as the amount of TiO2 increases, the visibility of 
PMAA's surface diminishes. This observation suggests a correlation between the concentration of TiO2 
and the visibility of the PMAA layer, hinting at a potential influence on the composite's morphological 
features. 
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Figure 3. FESEM images and size distribution histogram of (a) commercial TiO2, (b) PMAA-TiO2-0.2, (c) PMAA-TiO2-0.4, (d) PMAA-
TiO2-0.5CL, and (e) PMAA-TiO2-0.7CL 
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Furthermore, the augmentation in crosslinker concentration unveils a compact layer structure of PMAA. 
PMAA establishes a resilient connection within the crosslinking network, effectively linking the polymer 
chain [39]. However, the observed agglomeration of TiO2 becomes more pronounced with the escalation 
of TiO2's particle size. This phenomenon is likely attributed to the inclination of TiO2 to minimize its 
contact surface with PMAA [40]. 

 

With regards to the particle size, the average size of TiO2 nanoparticles in PMAA-TiO2-0.4 was slightly 
smaller than in PMAA-TiO2-0.2, suggesting a significant reduction in the agglomeration of TiO2 
nanoparticles. This reduction is likely attributed to the robust connection between PMAA and TiO2, 
effectively impeding TiO2 agglomeration [41]. However, PMAA-TiO2-0.7CL exhibits the largest particle 
size among all the prepared photocatalysts. This is likely induced by the tendency of TiO2 nanoparticles 
to minimize their contact surface with PMAA due to the poor compatibility between the crosslinker and 
TiO2 [42]. Consequently, an increase in TiO2 particle agglomeration may have contributed to the 
observed decrease in particle size. 

  

The energy dispersive X-ray (EDX) analysis was conducted to examine the elemental distribution of the 
synthesized samples and confirm the successful formation of PMAA-TiO2 NCs. EDX analysis data are 
depicted in Figure 4. The synthesized materials are primarily composed of titanium (Ti), oxygen (O), 
carbon (C), and nitrogen (N). All samples show C species with the highest percentage compared to Ti, 
N, and O, derived from the polymer chain of PMAA. The percentage of Ti, O, and N species also varied 
between samples as different amounts of TiO2 and CL were used. The high atomic percentage of Ti 
(9.3%) and O (17.5%) in PMAA-TiO2-0.4 compared with PMAA-TiO2-0.2 is significant with the amount 
of TiO2 added into the polymer matrices. The high atomic percentage of N (5.0%) in PMAA -TiO2-0.7CL 
compared with PMAA -TiO2-0.5CL is significant with the amount of CL added into the polymer matrices. 
Ti, O, C, and N elements with no other elements confirm that no impurities are present in the sample, 
which is highly suitable for photocatalytic application [43, 44]. 

 

 
 

Figure 4. EDX spectra of (a) PMAA-TiO2-0.2, (b) PMAA-TiO2-0.4, (c) PMAA-TiO2-0.5CL, and (d) PMAA-
TiO2-0.7CL. 

 

 

Optical Properties of PMAA-TiO2 NCs 

Figure 5(A) displays the absorption spectra of commercial TiO2 and all the prepared PMAA-TiO2 NCs. 
Commercial TiO2 exhibits a greater wavelength in comparison to other synthesized photocatalysts. The 
addition of the PMAA matrix resulted in a significant shift of the wavelength towards shorter wavelengths, 
corresponding to the occurrence of blue shift absorption. Kulkarni et al. [45] reported that the observed 
phenomenon could be attributed to the relatively reduced dimensions of the NCs compared to those of 
commercially available TiO2.  

 

PMAA-TiO2-0.4 NCs show higher absorption wavelengths than PMAA-TiO2-0.2 NCs. As the amount of 
TiO2 in PMAA-TiO2 NCs increases, the absorption edge shifts towards longer wavelengths. According 
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to Al-Baradi et al. [28], this phenomenon can be attributed to the augmentation in the size of the particles. 
The observed change in position is ascribed to the increase of TiO2 NPs size during the polymerization 
process of the PMAA network.  

 

 
 

Figure 5. (A) Absorption spectra and (B) Tauc plot of the photocatalysts obtained by UV-vis-NIR 
spectroscopy 

 

 

Meanwhile, the absorption wavelength of PMAA-TiO2-0.5CL NCs and PMAA-TiO2-0.7CL NCs shifts 
towards shorter wavelengths than PMAA-TiO2-0.4 NCs. The increase in crosslinker concentration within 
PMAA-TiO2 NCs reduces the absorption edge towards lower wavelengths, ultimately resulting in a blue 
shift. This observed phenomenon can be attributed to the robust intermolecular connections between 
the polymer matrix and TiO2, leading to a shorter bond length and a concurrent reduction in particle 
dimensions [46]. Consequently, the phenomenon of blue shift absorption is evident. 

 

The evaluation of the photocatalysts' bandgap energy (Eg) involved the analysis of their UV-vis-NIR 
absorption spectra. The Tauc plot method was employed, plotting (αhv)1/2 against energy (hν). The 
photocatalysts' Eg was determined by linear extrapolation on the plot, as illustrated in Figure 5(B), utilizing 
the x-intercept value. The Eg value for commercial TiO2 is 3.2 eV, indicative of the anatase phase of TiO2 
[47]. The augmentation of TiO2 content in PMAA-TiO2 leads to a decrease in the Eg value. PMAA-TiO2-
0.2 exhibited an Eg of 3.25 eV, while PMAA-TiO2-0.4 showed a reduced Eg of 3.07 eV. This reduction in 
Eg within the PMAA matrix as TiO2 content increases can be attributed to overlapping localized states 
originating from TiO2 aggregates [48].  

 

Moreover, the Eg values further decreased with the addition of crosslinkers, as seen in PMAA-TiO2-0.5CL 
(2.90 eV) and PMAA-TiO2-0.7CL (2.77 eV). This decrease is explained by the introduction of 
crosslinkers, which increases the number of atomic orbitals available for overlapping, leading to more 
bonding and antibonding molecular orbitals. According to Santos et al. [49], the introduction of 
crosslinkers results in elevated atomic quantities and an increased number of atomic orbitals available 
for overlapping. Consequently, the increase in bonding and antibonding molecular orbitals leads to a 
decrease in Eg. In addition, the reduction in Eg suggests the potential for the photocatalyst to exhibit 
activity under visible light irradiation, although this aspect was not explicitly examined in the study. 

 

In addition, previous studies have highlighted a close relationship between Eg and surface area. Kanjal et 
al. [50] reported that materials with higher surface area typically provide more defect sites and oxygen 
vacancies, which can contribute to Eg narrowing and enhanced light absorption. Conversely, a reduction in 
surface area has been associated with limited defect formation and suppressed charge carrier mobility, 
thereby restricting photocatalytic efficiency [51]. This indicates that the Eg changes observed in this work 
are not only governed by TiO2 aggregation and crosslinking effects but may also be correlated with 
variations in surface area, together influencing the overall photocatalytic performance of PMAA-TiO2 NCs. 

 

Thermal Analysis 
The thermal stability of PMAA-TiO2 NCs and commercial TiO2 was determined by the TGA method. The 
decomposition rate of PMAA-TiO2 NCs was evaluated by analyzing the mass loss corresponding to each 
stage of decomposition based on the TGA curve. The TGA-DTA curves of the synthesized PMAA-TiO2 
NCs are presented in Figure 6. 
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The thermogram obtained for all the synthesized PMAA-TiO2 NCs exhibits three distinct decomposition 
stages. As Gao et al. [52] outlined, the initial decomposition stage corresponds to mass reduction 
attributed to the evaporation of water molecules within the sample. The second stage involves a 
decrease in mass resulting from the decarboxylation of a portion of the –COOH groups, generating CO2 

[53]. The final stage encompasses the thermal decomposition of the polymer [54]. The third stage of the 
thermal decomposition of PMAA-TiO2-0.2 NCs occurring within a temperature range of 320.0 – 532.4 
°C, manifests polymer degradation with a weight loss of 59.14% from an initial mass of 11.98 mg. Beyond 
532.4 °C, complete polymer decomposition is achieved, with no significant thermal activity observed. 
The residue's stability under heat treatment confirms its identification as TiO2 [55]. 

 

In the case of the PMAA-TiO2-0.4 NCs, polymer degradation commences within the temperature range 
of 340.0 – 547.5 °C, resulting in a weight loss of 56.70% from an initial mass of 11.2 mg. The degradation 
of the polymer occurs at a temperature slightly higher than observed in other formulations and is 
influenced by the quantity of TiO2 within the sample. The increasing amount of TiO2 imparts higher 
thermal stability to the sample, attributable to the inherent thermal stability of TiO2 within the analyzed 
temperature range [56]. On the other hand, the PMAA-TiO2-0.4 NCs exhibit the highest thermal stability 
among all samples due to the robust interaction between TiO2 and the PMAA chains [57]. Consequently, 
the polymer initiates degradation at an elevated temperature of 340.0 °C, highlighting the substantial 
impact of the strong interplay between TiO2 and PMAA on enhancing thermal stability. 

 

Apart from that, the thermal behavior of PMAA-TiO2-0.5CL NCs is characterized by polymer degradation 
initiating within a temperature range of 280.0 – 525.6 °C, resulting in a weight loss of 40.63% from the 
initial mass of 13.4 mg. Notably, this degradation onset occurs at marginally lower temperatures than 
PMAA-TiO2-0.4 NCs. The heightened presence of crosslinkers contributes to enhanced thermal stability, 
given the increased cross-links within the particles. However, intriguingly, PMAA-TiO2-0.5CL NCs exhibit 
less thermal stability, potentially attributable to their smaller particle sizes and larger specific surface 
area. This unique characteristic facilitates significant contact and diffusion of nitrogen gas, ultimately 
leading to degradation at a lower temperature for PMAA-TiO2-0.5CL NCs. 

 

 
 

Figure 6. (A) TGA and (B) DTA curves of the synthesized PMAA-TiO2 NCs 

 

 

The thermal degradation behavior of PMAA-TiO2-0.7CL unfolds in a temperature range spanning from 
290.0 – 510.5 °C, resulting in a weight loss of 41.56% from the initial mass of 12.9 mg. Significantly, the 
onset of polymer degradation occurs at a slightly elevated temperature compared to PMAA-TiO2-0.5CL. 
This variation in degradation temperature is likely influenced by the concentration of crosslinkers 
embedded in the sample. The augmented presence of crosslinkers within the PMAA matrix corresponds 
to an increased polymer density, facilitating robust linkages among the crosslinkers, PMAA, and TiO2. 
This intricate network of interactions substantially enhances the stability of PMAA at elevated 
temperatures. Consequently, a discernible trend emerges, revealing that the temperature at which 
polymer decomposition takes place experiences a subtle increment with the greater concentration of 
crosslinkers present in the PMAA-TiO2-0.7CL sample. 

 

Photocatalytic Activity 
The determination of the photocatalytic activity of the synthesized photocatalysts is an essential part of 
the photodegradation study. This study utilized paracetamol as the representative organic contaminant 
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to evaluate the photocatalytic efficacy of commercial TiO2, PMAA-TiO2-0.2, PMAA-TiO2-0.4, PMAA-TiO2-
0.5CL, and PMAA-TiO2-0.7CL under UV light irradiation. Variations in the percentage of 
photodegradation of paracetamol were anticipated in the presence of PMAA-TiO2, contingent upon the 
amount of TiO2 and crosslinkers utilized. 

 

Figure 7 illustrates the degradation percentage of paracetamol using the synthesized photocatalysts after 
3 h exposure to UV light irradiation. The photocatalytic reaction was carried out directly without adjusting 
the solution's pH; throughout the photocatalytic reaction, the recorded pH remained near neutral (pH 6 
– 7). In the absence of photocatalysts (photolysis), there was minimal degradation (5.94%), highlighting 
the necessity of photocatalysts to significantly enhance paracetamol degradation under UV light. Among 
the PMAA-TiO2 photocatalysts with varying TiO2 concentrations, PMAA-TiO2-0.4 demonstrated the 
highest degradation at 32.48%, while PMAA-TiO2-0.2 showed the lowest at 18.78%. 

 

The relationship between the TiO2 quantity, PMAA-TiO2 NCs, and their photocatalytic efficiency is 
evident.  The higher the amount of TiO2 in PMAA-TiO2 NCs, the higher the photocatalytic efficiency of 
the photocatalyst. The increased TiO2 concentration leads to an enhanced surface-volume ratio, 
improving light absorption and the separation efficiency of photoexcited charge carriers [58]. 
Consequently, the enhanced separation efficiency of photoexcited charge carriers will increase surface 
photoactivity and improve the photocatalytic activity of PMAA-TiO2 NCs.  

 

Similarly, varying crosslinker concentrations in PMAA-TiO2 NCs also significantly affect photocatalytic 
efficiency. PMAA-TiO2-0.7CL demonstrated the highest degradation percentage at 46.22%, while 
PMAA-TiO2-0.5CL recorded the lowest at 25.74%. A higher concentration of crosslinkers enhances the 
structural integrity of the PMAA-TiO2 NCs and facilitates the formation of a robust and interconnected 
network [59]. This network improves the dispersion of TiO2 within the PMAA matrix, ensuring better 
accessibility of active sites for photocatalytic reactions [60], further enhancing photocatalytic efficiency. 

 

 
 

Figure 7. Degradation percentage of paracetamol under UV light irradiation in the presence of different 
photocatalysts. Experimental conditions: addition of photocatalyst (0.05 g) in paracetamol (25 ppm) at 
near-neutral pH (6 – 7) and reaction time of 3 h 

 

 

Figure 8 directly compares the photocatalytic performance of commercial TiO2 and PMAA-TiO2-0.7CL in 
the degradation of paracetamol under UV light irradiation. Commercial TiO2 achieved an outstanding 
99.01% degradation after 3 h, while PMAA-TiO2-0.7CL exhibited a relatively lower, yet significant, 
degradation percentage of 46.22%. This comparison highlights the superior performance of commercial 
TiO2 in photocatalysis due to its established efficiency under UV light. However, PMAA-TiO2-0.7CL still 
displays promising performance, especially considering the limitations imposed by the polymer matrix 
surrounding the TiO2 nanoparticles. 
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Figure 8. Comparison of the degradation percentage of paracetamol under UV light irradiation in the 
presence of commercial TiO2 and PMAA-TiO2-0.7CL. Experimental conditions: addition of photocatalyst 
(0.05 g) in paracetamol (25 ppm) at near-neutral pH (6 – 7) and reaction time of 3 h 

 

 

To better contextualize these results, a comparison with previous studies conducted under nearly similar 
conditions is presented in Table 2. Table 2 summarizes representative studies on the photocatalytic 
degradation of paracetamol using TiO2-based photocatalysts under UV irradiation. Conventional 
modifications such as TiO2-cellulose paper (TiO2-CP) [61], TiO2-graphite (TiO2-G) [62], and TiO2-
activated carbon (TiO2-AC) [63] achieved high degradation efficiencies (> 90%), while other systems 
such as TiO2-carbon nitrogen (TiO2-C-N) [64] and TiO2-nickel copper (TiO2-NiCu) [65] demonstrated 
moderate performance depending on paracetamol concentration and irradiation time. In this work, the 
PMAA-TiO2-0.7CL NCs achieved 46.2% degradation after 3 h at 25 ppm, which is lower than 
conventional TiO2-based modifications. However, unlike those systems, the PMAA-TiO2 NCs provide 
pH-responsive behavior and tunable optical properties, representing a distinct approach to developing 
smart photocatalysts capable of adapting to environmental conditions, as will be highlighted later in the 
discussion on their functional performance. 

 

 

Table 2. Photocatalytic degradation of paracetamol using TiO2-based photocatalysts under UV irradiation. 

 

Photocatalyst Paracetamol 
(ppm) 

Light 
source 

Irradiation 
time (h) 

Degradation 
(%) 

Ref. 

Commercial 
TiO2  

25 UV 3 99.00 Present 
study 

PMAA-TiO2-
0.7CL 

25 UV 3 46.20 Present 
study 

TiO2-CP 25 UV 4 98.00 [61] 

TiO2-G 25 UV 3 100.00 [62] 

TiO2-AC 25 UV 3 90.00 [63] 

TiO2-C-N 4 UV 2 69.31 [64] 

TiO2-NiCu 10 UV 3 80.00 [65] 

 

 

Nitrogen sorption analysis was conducted to further understand the disparity in photocatalytic 
performance between these two materials by exploring their structural characteristics, which directly 
influence photocatalytic activity. The adsorption-desorption isotherms and pore size distributions of both 
materials were analyzed and are depicted in Figure 9. The commercial TiO2 exhibited a well-defined 
Type IV isotherm with pores ranging from 3 to 16 nm, indicating a mesoporous material. PMAA-TiO2-
0.7CL also demonstrated a Type IV isotherm but with reduced mesoporosity, as indicated by the shift in 
pore size distribution towards the 8 – 16 nm range. 
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Figure 9. The adsorption-desorption isotherm and pore size distribution of (a) commercial TiO2 and (b) 
PMAA-TiO2-0.7CL 

 

 

Table 3 presents the BET surface area and pore volume data for both materials. The BET surface area 
of commercial TiO2 was determined to be 46.42 m2/g, with a pore volume of 0.0402 cm3/g, indicating a 
high degree of porosity and available surface area for photocatalytic reactions. These characteristics 
favour photocatalytic activity, as a high surface area provides more active sites for reactions [66]. At the 
same time, a larger pore volume enhances the diffusion of paracetamol to these active sites, facilitating 
more efficient degradation. 

 

Table 3. The BET surface area and pore volume of the photocatalysts. 

 

Samples Surface area (m2/g) Pore volume (cm3/g) 

Commercial TiO2  46.42 0.0402 

PMAA-TiO2-0.7CL 5.93 0.0077 

 

 

On the other hand, PMAA-TiO2-0.7CL exhibited a significantly lower BET surface area of 5.93 m2/g and 
a pore volume of 0.0077 cm3/g. This reduction can be attributed to the introduction of crosslinkers, which 
create a dense polymer network around the TiO2 nanoparticles [59]. Crosslinkers are chemically reactive 
agents that establish covalent bonds between polymer chains, resulting in a more rigid and 
interconnected polymer network. This network effectively fills the pores and reduces their accessibility, 
limiting the available surface area for photocatalytic reactions [67]. It should be noted that the nitrogen 
sorption analysis was conducted after the sample was dried. During this process, nitrogen molecules 
were adsorbed at the surface of the material to determine surface area and porosity. However, it does 
not account for the material's behavior in a liquid environment. Additionally, nitrogen sorption analysis 
cannot measure the surface area under varying pH conditions, which would influence the swelling and 
shrinking of the polymer network. As a result, the lower surface area observed may be due to the 
limitations of this method, as it does not reflect the polymer's pH-responsive behavior during actual 
photocatalytic reactions. 

 

Despite the reduced surface area, PMAA-TiO2-0.7CL demonstrated superior photocatalytic performance 
compared to the other nanocomposites prepared. This enhancement is primarily due to the improved 
dispersion of TiO2 within the polymer matrix, which allows for better light absorption and photoactivity. 
This strategic enhancement of TiO2 dispersion compensates for the lower surface area and contributes 
to the higher degradation efficiency observed. 

 

Although these findings highlight the efficiency of PMAA-TiO2 NCs, their pH-responsiveness remains 
untested. Recognizing the potential influence of environmental conditions on photocatalytic performance, 
the subsequent experiment focuses on pH-responsiveness tests. This strategic approach aims to 
determine the adaptability and effectiveness of these nanocomposites across a range of pH variations. 
 

pH-responsiveness Test 
The pH-responsive test of commercial TiO2 and the synthesized PMAA-TiO2 NCs was optimized with 
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0.4 g of TiO2 and 0.7 g of crosslinkers. This test involved subjecting paracetamol to photodegradation 
under varying pH conditions —specifically, at pH 2 under acidic conditions and pH 11 under basic 
conditions — while exposed to UV light irradiation. Figure 10 visually represents the paracetamol 
degradation percentage in the presence of commercial TiO2 and the synthesized PMAA-TiO2-0.7CL 
photocatalyst during a 3 h UV light exposure under both basic and acidic conditions. In the presence of 
commercial TiO2, the degradation percentages were not significantly different, with slightly higher values 
under basic conditions (55.75%) compared to acidic conditions (53.45%). This suggests that commercial 
TiO2 is not pH-responsive. The slight increase in basic conditions compared to acidic conditions may be 
attributed to the surface charge, which affects the photocatalytic process. Under alkaline conditions, 
hydroxyl radicals (•OH) are produced directly from the hydroxide ions (OH−), which interact with the holes 
[68]. Therefore, the resulting •OH will be more numerous under alkaline conditions, enhancing the 
photocatalytic ability. In contrast, in acidic conditions, an excess of OH exists, which interacts with free 
electrons to form radicals  [69]. The formation of these radicals will cause a reaction with •OH, converting 
them to H2O. This reduces the amount of •OH, resulting in lower photocatalytic activity under acidic 
conditions. 

 

 
 

Figure 10. Degradation percentage of paracetamol under UV light irradiation in the presence of 
commercial TiO2 and PMAA-TiO2-0.7CL. Experiment condition: photocatalyst (0.05 g) was added to 
paracetamol with different pHs; acidic (pH 2, using 0.05 M HCl) and basic (pH 11, using 0.05 M NaOH). 
Reaction time: 3 h 

 

 

In contrast, the PMAA-TiO2-0.7CL photocatalyst exhibited pH-responsive behavior, significantly varying 
its degradation efficiency across different pH levels. This pH-responsiveness is evident in a higher 
degradation percentage in basic conditions (60.35%), surpassing its performance in acidic conditions 
(21.10%), showcasing the pH-responsive nature. PMAA is recognized for its pronounced pH-responsive 
gating, and the dynamics of PMAA-TiO2 nanocomposites and the degradation process are contingent 
on the pH of the solution [29]. PMAA exhibits a pH-responsive mechanism wherein it can undergo either 
swelling or contraction in response to changes in its surrounding environment [70], as illustrated in Figure 
11.  

 

Under UV light irradiation, the PMAA/TiO2 NCs initiate a photocatalytic process where photons excite 
electrons in TiO2, moving them from the valence band (VB) to the conduction band (CB) and generating 
electron-hole pairs [71]. The PMAA matrix enhances this process by promoting greater charge 
separation and reducing recombination, improving photocatalytic efficiency. However, the efficiency of 
this process is highly pH-dependent due to the swelling and shrinking behavior of PMAA. In acidic 
conditions, the PMAA shrinks as its carboxylic groups become protonated, causing the polymer matrix 
to contract [72]. This compact state limits the exposure of TiO2 active sites, reducing the diffusion of 
reactive species and hindering the migration of charge carriers, resulting in lower photocatalytic efficiency 
for paracetamol degradation.  
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Significantly, an improvement in the effectiveness of photocatalysis was observed under basic 
conditions. This observed phenomenon can be attributed to the swelling effect induced by PMAA within 
PMAA-TiO2 NCs. Under high pH conditions, the PMAA layer ionized, forming negatively charged 
carboxylate anions that caused swelling, enhancing the photocatalyst's surface area and active site 
availability [73]. Electrostatic repulsion between the carboxylic acid (-COOH) groups leads to this 
swelling, expanding the polymer and significantly increasing the photocatalyst's surface area. This 
expansion enhances photocatalytic efficacy by providing more active sites [60]. As a result, electron 
transfer and reactive oxygen species (ROS) generation are promoted [74], contributing to the higher 
degradation efficiency observed in alkaline conditions. The increased hydrophilicity of the PMAA layer 
also facilitates better interaction between the photocatalyst and paracetamol [70], optimizing the 
degradation process. Therefore, the photocatalytic activity increases under alkaline conditions, 
highlighting the successful incorporation of the pH-responsive feature by modifying TiO2 with PMAA. 

 

 

 

 

                     

 

Figure 11. Swelling and shrinking behaviour of PMAA-TiO2 NCs 
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Conclusions 
 

This study synthesized a series of PMAA-TiO2 NCs through free radical polymerization with varying TiO2 
nanoparticles and cross-linkers. The successful incorporation of PMAA into TiO2 was confirmed by FTIR, 
FESEM, EDX, XRD, and UV-vis-NIR spectroscopy, revealing no alteration to the anatase phase of TiO2. 
Instead, the incorporation of PMAA and cross-linkers significantly influenced the particle size, surface 
morphology, and thermal stability of the nanocomposites. Among all the prepared samples, PMAA-TiO2-
0.4 NCs exhibited the highest photocatalytic activity due to their higher TiO2 content, enhancing light 
absorption and surface photoactivity. Cross-linker variation facilitated a robust network, improving the 
accessibility of active sites, with PMAA-TiO2-0.7CL NCs achieving the highest photocatalytic degradation 
of 46.22% under UV light. In the pH-responsive tests, the commercial TiO2 showed slightly different 
degradation percentages under acidic (53.45%) and basic (55.75%) conditions, indicating limited pH 
responsiveness. Conversely, PMAA-TiO2-0.7CL NCs demonstrated the highest percentage of 
paracetamol degradation (60.32%) under UV light in basic conditions. This result is credited to the 
deprotonation of -COOH groups on PMAA, leading to PMAA swelling and improved photocatalytic 
efficiency by providing additional active sites. Thus, the synthesized PMAA-TiO2 NCs in this work showed 
promising characteristics as pH-responsive photocatalysts. 
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