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Untreated wastewater harbors dangerous pathogens, chemicals, and pollutants, posing grave public health threats. Nowadays, there is a rising demand for eco-friendly technologies for wastewater treatment. Recently, piezoelectric materials-based wastewater treatment technology has captured considerable interest among researchers because of its noninvasiveness and rapidity. Herein, a highly efficient piezoelectric composite material is designed with chitosan-incorporated bismuth ferrite (BFO) nanocrystals, to decompose pollutants and ablate bacteria in wastewater. On one hand, piezoelectric BFO has shown exclusive piezo-coefficient for ultrasound-mediated reactive oxygen species (ROS) production. On the other hand, chitosan depicts its biocompatible nature, which not only promotes cellular adhesion but also significantly elevates the ROS production capabilities of BFO under ultrasound. The synergistic effect of these two piezoelectric units in one composite entity shows an improved ROS production, eradicating ∼87.8% of Rhodamine B within 80 min under soft ultrasound treatment (rate constant, k ≈ 0.02866 min−1). After performing the scavenger experiment, it has been found that hydroxyl radicals are the dominating factor in this case. Further, the reusability of the composite piezocatalyst is confirmed through multiple cycles (five times) of the same experiment. The high polarizability of the composite material facilitates the generation of piezoelectric power through finger tapping (∼12.05 V), producing substantial instantaneous piezo-voltage. Moreover, the sample exhibits remarkable antibacterial activity, with nearly 99% bacterial eradication within 30 min. This indicates a significant advancement in utilizing biopolymeric composites incorporated with BFO for fabricating versatile devices with multidimensional applications.
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1 INTRODUCTION
Water pollution is caused by inadequate, agricultural overflow, sewage treatment, pharmaceutical waste, industrial discharge, and organic dyes, which threaten human health and aquatic biota. (Copaciu et al., 2013; Ismail et al., 2019). There is an urgent need to combat water pollution for both people and the environment. Globally, the textile industry releases nearly 40,000–50,000 tons of dyes regularly, which reduces oxygen in water bodies. (Curteza, 2020). Dyes that degrade into carcinogenic complexes contribute to various types of skin infections and cancer. (Ghaly et al., 2014). These sources of pollution must be addressed to protect human health and maintain aquatic biodiversity. Different methods have been adapted for degrading dye molecules such as coagulation, Fenton oxidation, adsorption, photocatalysis, and electrochemical methods. (Roy, 2021). However, all the methods have their limitations. Firstly, the adsorption-based method generally utilized to remove dye due to its efficacy, transfers adsorbents to a new phase, consequently leading to secondary pollution. (Senguttuvan and Senthilkumar, 2021; Uddin and Ampiaw, 2021). Fenton oxidation, though potent, functions within a fine pH range and presents challenges in control. Bioremediation, while economical and eco-friendly, may come across some issues such as reversibility and prolonged reaction times if not carefully managed. (Ramos and Santana, 2021). The coagulation method is advantageous in water discoloration by dye removal without decomposition but still, it has a shortcoming in removing very low molecular weight and the disposal of coagulant residuals. (Gadekar and Ahammed, 2016). Conversely, the photocatalysis process stands as a prevalent method compared to other alternatives. Nonetheless, achieving effective charge separation in photocatalytic materials remains challenging, and catalysts may corrode under low pH conditions. (Schneider et al., 2014; Ameta and Ameta, 2016). Hence, it is imperative to employ a viable approach to address these issues, which can effectively contribute to wastewater treatment by efficiently degrading dyes.
The piezocatalysis method is treated with piezo-electric materials having a non-centrosymmetric structure which is capable of converting mechanical energy into electrical energy. (Feng et al., 2017). Due to mechanical force, these materials undergo physical distortion, inducing charge center separation which causes polarization within the material. (Tu et al., 2020). This polarization, in turn, generates reactive oxygen species (ROS), initiating the catalytic process. (Chen et al., 2019). Furthermore, this approach exhibits superiority compared to the previously discussed techniques such as photocatalysis, adsorption, electrocatalysis, etc.
Piezo-responsive materials are increasingly important for their dual capabilities in wastewater treatment and energy harvesting (Table 1). (Mondal et al., 2022a) In piezoelectric effect, materials convert mechanical energy into electrical energy. It is recognized as a green technology. (Mondal et al., 2022b). So far, the developed piezo-responsive materials in the literature mostly include natural/synthetic organic polymers (e.g., PVDF, PLA, chitosan, and PLLA), and synthetic inorganic materials (e.g., barium titanate, MoS2, and bismuth ferrite (BFO)). Most recently, organic polymers have received increasing attention in piezoelectric applications such as chitosan, and PLLA, because of their appealing good biocompatibility, degradation capability, and even certain antibacterial activity, in vitro and in vivo. However, organic polymers have rarely been used in the field of piezocatalysis, which is mainly due to their relatively low piezoelectric coefficients. Thus, there is a pressing need to formulate highly efficient piezoelectric polymers with enhanced performance in dye decomposition and bacterial killing, although it is challenging.
TABLE 1 | A comparison between different piezocatalysts and their catalytic efficiencies for dye degradation and bacterial mortality.
[image: Table 1]Composite technology with a rational combination of different components has been widely used in material formulation to yield boosted output than the single component alone (Ma et al., 2022; Sarkar et al., 2023). In this contribution, we selected chitosan biopolymer membrane and BFO NPs to formulate a piezoelectric composite for dye decomposition and bacterial killing. For chitosan biopolymer membrane, exhibits natural biocompatibility with good cellular adhesion, antibacterial effect, and moderate piezoelectric voltage (12.05 V) and shows cases in the application of biomedical devices, drug delivery carriers, and implant coating. After doping bismuth ferrite (BFO) NPs into the chitosan biopolymer, the piezoelectric property of the composite would increase significantly due to the screen charge effect mediated e-h separation and charge carrier migration (Roy et al., 2022; Roy et al., 2024). The study examines the functionality of this polymer nanocomposite material, showcasing its dual capabilities as a piezoelectric energy harvester and a piezocatalyst. This illustrates its promise in generating sustainable energy and facilitating wastewater treatment.
The BCH composite with bismuth ferrite NPs incorporated chitosan was synthesized in four different doping percentages, such as 0%, 5%, 7.5%, and 10%, and marked as BCH0, BCH5, BCH7.5, and BCH10 Figure 1. All of these nanocomposite membranes were characterized using different characterization tools to obtain their structural (XRD, FTIR), morphological (FESEM, TEM), electrical, and other physicochemical properties. Furthermore, the electrical properties were investigated to determine the extent of piezoelectric polarization reached in this nanocatalyst, establishing its potential as a promising piezoelectric material. Moreover, the composite material (BCH 7.5) shows the highest piezoelectric effect which is further used to degrade the Rhodamine B dye efficiently, using ultrasonic stimulation having an energy of 15 kHz. The degradation rates were found to be quite high and rapid (∼87.8% for RhB in 80 min) along with pathogenic S. aureus bacteria efficiently (99% in 30 min) by using a simple ultrasonic stimulation (15 kHz). The reusability of the catalyst further confirmed the outstanding stability and can be used repetitively more than five times in a row. We expect this research to show a transition in this innovative technology in practical applications.
[image: Figure 1]FIGURE 1 | (A) Synthesis method of BCH composite with BFO doped chitosan nanocomposite; (B) applications of the biopolymeric nanocomposite membrane.
2 RESULTS AND DISCUSSION
Herein, we designed a new piezoelectric nanocomposite (BCH) by using BFO to dope chitosan membrane via a facile two-stage solvothermal and solution casting method, which would perform highly efficient piezocatalytic ROS-mediated degradation of Rh-B and pathogenic S. aureus bacteria under soft ultrasound stimulus. The synergistic piezoelectric effect is derived from the band edge tilting and screening charge effect of the prepared nanocomposite. The as-synthesized samples were initially characterized by using several structural and morphological characterizations, followed by their piezoelectric ability to produce ROS for catalytic applications. This section deals with such results with their plausible rationale for a conclusive remark.
2.1 Structural, morphological, and stability analyses of the nanocomposites
Initially, the XRD of the nanocomposites was obtained to investigate their purity and other physicochemical properties. Figure 2 illustrates the X-ray diffraction (XRD) pattern of the pristine chitosan (CS) film (BCH 0), 5% doped BFO into chitosan matrix (BCH 5), 7.5% doped BFO into chitosan matrix (BCH 7.5), 10% doped BFO into chitosan matrix (BCH 10). Notably, the pure CS membrane exhibits a prominent crystalline peak at 2θ = 28.9°, corresponding to the reflection planes of (220). (Aziz et al., 2017). Earlier investigations have shown that the rigid crystalline structure of chitosan primarily arises from intramolecular and intermolecular hydrogen bonds. These bonds play a pivotal role in establishing the average intermolecular spacing within the crystalline sections of chitosan. The presence of a wide peak nearly at 35°–55° corresponds to the amorphous region of CS. (Belamie et al., 1999). After the incorporation of BFO into the CS matrix, several characteristic peaks of BFO have arisen and increased with the increment of doping percentages. (Rani et al., 2022). These peaks further confirm the successful synthesis of BFO NPs into the chitosan matrix.
[image: Figure 2]FIGURE 2 | (A) X-ray diffractogram of BCH samples (B) FTIR spectra of the synthesized BCH sample; (C) Shows the time vs voltage graph for different BCH samples; TGA analysis of (D) BCH 0 (E) BCH5 (F) BCH 7.5 (G) BCH10; The FESEM micrographs of (H) BCH 0 (I) BCH5 (J) BCH 7.5 (K) BCH10.
The bonding networks of the fabricated membranes (BCH) were investigated by FTIR in the region of 500–4,000 cm−1 and depicted in Figure 2. (Roy et al., 2019). The FTIR bands of the pure bismuth ferrite NPs are depicted in the supplementary section (Supplementary Figure S1). (Biasotto and Simões, 2011; Gokul et al., 2021) The intense vibrational bands correspond to chitosan biopolymer at 1,016 as a result of the C-O stretching. The vibrational band at 1,149 cm−1 is for the C-O-C asymmetric vibrations. Whereas the bands at 1,407 cm−1 are ascribed to the -CH2 bending and vibrations (Magee, 2024). The vibrational peak at 653 cm−1 is due to the Fe-O stretching and 1,651 is for C=O stretching for amide-I. Besides these vibrational bands of chitosan, intense vibrations occurred at 1,546 cm−1 in all the doped samples which are increasing with the increasing percentage of BFO nanoparticles into the biopolymeric matrix (Fernandes Queiroz et al., 2015). This peak is due to the N-H bending of amide-II. This type of increment in the vibrational band suggests the successful incorporation of BFO NPs in the biopolymeric matrix (Magee, 2024). In summary, all the conventional characterization techniques suggest the successful fabrication of NPs incorporated bio-polymeric nanocomposite membranes.
Field Emission Scanning Electron Microscope (FESEM) was used to investigate the microstructure and the morphological analyses of the nanocomposite films. (Govindan et al., 2012). Figure 2H shows the FESEM images for pure and composite membranes. The surface of the film appears notably smooth for BCH0, whereas significant surface roughness can be seen for BCH5, BCH 7.5, and BCH 10 respectively. These micron-sized regions are homogenously dispersed into the chitosan surface and are increased with increasing the BFO doping percentages. These changes confirm the successful synthesis of BFO NPs into the chitosan film. In order to validate the morphology of the BFO nanoparticles, the Transmission Electron Microscopy (TEM) technique has been adopted herein (Supplementary Figure S2). Supplementary Figure S2 depicts an irregularly clustered, randomly distributed pattern of bismuth ferrite NPs. The mean diameter is around ∼35–40 nm, which is analogous to the FESEM images and provides a sufficient validation of the surface roughness of the composite membranes. From these morphological analyses of the composites, it has been verified the fact that the incorporation of BFO has been successful inside the chitosan biopolymeric matrix. Moreover, the increment of the surface roughness found in Figures 2I–K validates that BFO nanoparticles have been incorporated into chitosan.
Figure 2 also depicts the TGA curves for both the pure and doped chitosan films. According to the TGA curves, two notable weight loss stages were observed. The initial slight decrease in weight occurred between 50°C and 140°C, likely attributed to moisture vaporization. Subsequently, a second weight-loss phase was seen between 250°C and 350°C, indicative of the thermal degradation of the films. The loss rates were approximately ∼10% during each of these weight loss stages. Such a small weight loss indicates the temperature stability of the composites. In reality, ultrasound initiates a rapid increment in the temperature evolution in the catalysts. Such a sudden increment may decompose the structure/property of the sample. However, in our case, the insignificant weight loss validates the thermal stability of the synthesized nanocomposites.
2.2 Estimation of the piezoelectric properties of the samples
Understanding the process of producing piezoelectric stimulation triggered by external mechanical stimulus involves examining the dipolar polarization of the BCH sample. Researchers have reported that the motion of electrical dipoles inside the material can be affected by the frequency of external stimulation. (Yu et al., 2022). Application of external pressure generates dipolar polarization in the sample, causing a separation of positive charges which travel towards the negative one. A potential difference is created between the two electrodes as a result of this charge separation. Due to the external force, through an external circuit, the charge carriers travel in the opposite direction towards the electrodes, thereby creating a counteracting potential drop. (Mhatre et al., 2015).
Furthermore, to measure the electric voltage of the sample, a finger-tapping experiment was directed. To create the devices, the surface area of the nanocomposite membrane was 1 cm2 (Figure 2C). Aluminum electrodes were employed on both sides of the membrane. and with the help of copper wires, the connections were assembled. The electrical characteristics of the sample were consequently examined. The calculation of the force is depicted in the supplementary section (S3). For BCH 0, BCH 5, and BCH 10, the voltages are 1.88 V, 3.52 V, and 4.71 V respectively. The voltage for BCH 7.5 is the highest (approximately 12.05 V) compared to others. This increase clarifies why BFO NPs are present in the chitosan matrix, which enhances the polarization of the catalyst even more (Figure 2). Enhanced polarizability due to heightened doping percentages improves the performance of the membrane. However, higher doping concentrations hinder rapid dipole response to changes, leading to a decline in voltage over time (Ghosh et al., 2023). This phenomenon is ascribed to the influence of Maxwell-Wagner polarization (Prodromakis, 2009).
2.3 Piezocatalytic degradation of RhB by the nanocomposite
To assess the piezocatalytic effectiveness of the catalyst, BCH 7.5 membrane was used as it has shown the highest piezo effectiveness. The study employed the carcinogenic Rhodamine B (RhB) dye for experimentation. In the present study, the findings reveal that the degradation percentage of RhB dye is nearly 87.8% for BCH 7.5. Additionally, the BCH sample exhibits a rate constant (k) of 0.02866 × 10−2 min−1 for the dye, further augmenting polarizability and facilitating RhB degradation. It was observed that the original dark pink color of RhB dye gradually changed to almost transparent after 80 min of ultrasonic treatment (Figure 4(B inset)) whereas for the control samples, the degradation rate is nearly 32% which is very nominal.
Utilizing BCH7.5 film for water purification offers significant advantages, such as reusability, attributed to the inherent mechanical and piezocatalytic robustness of the NPs. To calculate the robustness of the sample, a reusability test was done using the same film and a fresh solution of Rhodamine B (20 mL, 2.5 ppm). The results exhibit consistent catalytic efficacy over five cycles, maintaining efficiency levels nearly the same as the first cycle (Supplementary Section S7). This demonstrates the exceptional resilience and long-term durability of the chitosan-based biopolymeric sample.
Furthermore, water quality assessment data was obtained using a HANNA-19B portable pH/EC/TDS/Temperature meter and is presented in Table 2 both before and after the experiment. Total Dissolved Solid (TDS) and conductivity values of water samples the water quality. After incorporating organic dye and catalysts, both the TDS and conductivity values increased, subsequently declining after the catalytic experiment. In wastewater treatment applications, the post-catalysis results closely match the initial data, indicating that the piezocatalysts do not alter water quality and contribute to increased purity. Hence, it can be said that the as-synthesized sample not only reduces the load of the organic dye (Rh-B) but is also capable of retaining all the initial physical properties of the treated water sample.
TABLE 2 | Water quality assessment test before and after the catalysis.
[image: Table 2]2.3.1 The fundamental mechanism behind piezocatalytic dye degradation
The piezocatalytic degradation utilizing the BCH composite has a specific mechanism (Figure 3). An internal electric field is created in the piezoelectric material when external pressure is applied. effectively segregating and sustaining the charge carriers. Dye degradation occurs through the generation of Reactive Oxygen Species (ROS). These ROS interrelate with the water molecules. ROS (•O2-/•OH) are produced when an interaction occurs between the charge carriers on the surface of the nanocomposite and the ions from the water molecules. This interaction sets off a redox reaction and polarization, which in turn starts the destruction of dye molecules. These radicals can captivate in reactions through two pathways: 1) the Screening Charge Effect and 2) the Energy Band Theory.
[image: Figure 3]FIGURE 3 | Underlying mechanism of piezocatalysis method (A) Energy band theory (B) Screening charge effect.
The BCH piezo catalyst initially maintains an equilibrium state (State 1) when immersed in the electrolyte-containing dye, complying with its ingrained polarization with screening charges. While subjected to external pressure, the movement of charge carriers disturbs this equilibrium state (State 2), by releasing the additional screening charges and initiating a redox reaction, it generates ROS. The reaction persists until a new state of equilibrium is attained (Cheng et al., 2021). Upon release of the applied stress, polarization is restored, resulting in the generation of additional intrinsic charges. Combined with opposite-polarity charges from the electrolyte, these charges facilitate the redox reaction (State 3). This cycle continues until the piezocatalyst reverts to its initial state. In essence, the process of accumulating and releasing screening charges enhances the piezoelectric catalytic reaction (Zhu et al., 2023). Following energy band theory, applying mechanical stress to the piezoelectric material instigates a polarization-induced piezo potential. This alteration in potential initiates a movement of band energy from the positive side to the negative side at the positive piezo potential edge (Wang et al., 2022). Consequently, the conduction band and valence band curve across the nanosystem, creating a gradient that pushes free electrons and holes away from the crystal surface. Moreover, the band bending diminishes the potential energy gap amongst the band edges and the redox potential of H2O/•OH and O2/•O2. This decrease enables electrons and holes to become more prone to reacting with dissolved water and oxygen, resulting in the generation of ROS (Mondal et al., 2022c). Verifying the particular reactive radical (ROS) accountable for dye degradation can be accomplished through the scavenger experiment outlined in the subsequent section (Section 3.6). The subsequent stages encompass the degradation of dye by reactive species (e−, h+, OH−, and O2−.) (Roy et al., 2024)
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2.3.2 ROS scavenging experiment
Performing a scavenger experiment is crucial for determining which superoxide/radical is accountable for breaking down dye molecules (Figure 4) (Lin et al., 2022). The degradation curves depicted in the figure demonstrate a decrease in catalytic degradation efficiency after the addition of scavengers, indicating their direct involvement in the RhB degradation process. Specifically, the introduction of tert-butyl alcohol (TBA) led to a reduction in reaction rate constants. The confining of hydroxyl radicals (OH•) by tert-butyl alcohol (TBA) pronouncedly reserved RhB degradation. Conversely, the addition of BQ (•O2−) had negligible effects on degradation percentages. Our results underscore the significant contribution of TBA, representing hydroxyl radicals, in organic dye degradation, including RhB. These ROS scavenging examinations provide valuable comprehension into the degradation appliance, highlighting the significance of specific reactive species, especially hydroxyl radicals, in the degradation procedure. The bar diagram shows a comparison between the degradation kinetics of different scavenging agents.
[image: Figure 4]FIGURE 4 | (A) UV-Vis spectra showing the dye degradation using the piezo catalyst of BCH 7.5 sample (B) C/C0 vs time plot shows the degradation kinetics of RhB and a real-life digital image of RhB dye degradation (Inset) (C) ln (C0/C) versus ultrasonic treatment time shows the kinetic rate constant value of the catalyst (D) Bar diagram representing the kinetic rate constants for RhB degradation were determined using samples treated with various scavengers for RhB (E) Scavenging experiments for dominating reactive oxygen species (F) First-order reaction kinetics of the catalysis experiments using various scavengers.
Notably, the ROS scavenging experiments, rapid degradation rate (viz. 0.02866 min−1), and almost 87.8% degradation of Rh-B suggest that the synthesized catalyst is capable of producing enormous amounts of ROS (especially hydroxyl radicals), which in turn degrades the dye quickly under the soft ultrasound stimulation. It is established that such kind of ROS can also be used to eradicate pathogenic bacteria. Thus, we conducted different antibacterial assays against S. aureus bacteria in the following section (Section 3.5) to validate our idea.
2.4 Antibacterial efficacy and its mode of action
The effect of ultrasonic vibrations on piezocatalytic bacterial disintegration and wastewater disinfection was investigated for 30 min. A decrement in 99% colony-forming units (CFUs) on agar plates over time was significant, as depicted in Figure 5. BCH nanoparticle-treated plates under soft ultrasonically exposed cultures (b-e) exhibited marginal reductions with time, whereas a significant decrement was found for the cultures treated plates with BCH 7.5 treated nanoparticles and ultrasonication. Notably, BCH nanoparticle treatment for just 30 min of sonication led to the removal of approximately 99% of S. aureus bacteria, highlighting their efficacy in bacterial inactivation under mechanical stress via piezocatalysis. The time-dependent log reduction values shown in Figure 5B indicate a little decline in BCH nanoparticle-treated plates (B) that is ascribed to physical interactions, whereas mechanical stress from acoustic energy is the cause of the degradation in (C).
[image: Figure 5]FIGURE 5 | (A–E) Agar plate data for the different as prepared samples under US stimulus for 30 min, (F) bacterial mortality data from the agar plate counting, (F, G) Fluorescence intensity of DCF signifying ROS generation during the experiment; (H–K) positive and negative controls along with treated samples under the ultrasound stimulus, (L–O) FESEM micrographs depicting bacterial morphologies for different treated and control samples.
To study the details of the antibacterial efficacy and its mode of action, the quantification of reactive oxygen species (ROS) production was conducted. Negligible ROS generation was observed in samples BCH0, BCH5, and BCH10, while sample BCH 7.5 showed a sharp rise increment in ROS production in DCF fluorescence, indicating significant intracellular oxidant production (Figure 5F,G). This suggests that under mechanical stress, BCH 7.5 nanoparticles, induce substantial free radicals through piezocatalytic properties.
Thermal, mechanical, and chemical stress are frequently involved in the piezocatalytic elimination of harmful microorganisms using ultrasonic waves (Ali et al., 2023). Vibrations produce oxidative species such as O2−, H2O2, *OH, h+, and e−, which first rupture the cell wall of the bacteria, then intensify damage to the cytoplasmic membrane, and finally result in cellular material leaking that kills the bacteria (Kumar et al., 2019). Additionally, through the development of increased pressure and vibrational force, piezoelectric materials work in combination to cause cell rupture.
Piezoelectric material under mechanical stress generates high pressure, causing atomic displacement and internal polarization. The ROS generation occurs due to vibrations that induce cyclic compression and rarefaction. Positive charges generated by the piezocatalytic effect induce an electrostatic force on the negatively charged membrane of S. aureus. This weakens bacterial defense mechanisms, impairs metabolic processes, and disrupts electron transfer across the membrane. ROS further oxidizes lipid proteins and then induces oxidative stress on subcellular components, inhibiting proper cellular function (Ali et al., 2023). Ultrasonication-exposed BCH samples exhibit bactericidal properties associated with high ROS generation. FESEM micrographs reveal significant distortion, crumpling, and damage to bacterial cell membranes (Figure 5L–O). Interaction with BCH5 and BCH 10 nanoparticles causes folds and slight dents in the membrane, while BCH7.5 shows distinct dents and perforations. The piezocatalytic nature of BCH nanoparticles leads to irreversible damage to the cell membrane, resulting in cell death. Overall, BCH demonstrates the potential for water disinfection by eliminating coliform bacteria within 30 min of ultrasonication. Its ability to induce ROS production and disrupt bacterial membranes highlights its efficacy in bacterial inactivation, offering a promising approach for wastewater treatment.
Live/dead cell assay is used to assess the cell viability of the samples which distinguishes between live cells that interact with the cell membranes and are metabolically active, and dead cells that are not viable (Hu et al., 2022).
To demonstrate the feasibility of the proposed method, live cell cultures have been imaged and analyzed (summarized in Supplementary Figure S9). A Live/Dead BacLight bacterial viability kit was utilized for this purpose to examine the veracity of the S. aureus bacterial membrane and cultured with a control, BCH0, BCH 5, BCH 7.5, BCH 10 samples (1 mg mL−1) at 37°C for 2 h.
The suspensions were tainted with two different live/dead dye solutions. 0.5 mL and 5 µM of propidium iodide (Pl), and 1 µM SYTO nine was used for this method for 30 min. After the staining method, the cells were visualized under the microscope stage, and measured by fluorescence signals which were observed using laser scanning microscopy (ZEISS LSM 780, Oberkochen, Germany) with a ×60 coil objective lens.
The green While the red PI dye only penetrates bacteria with broken cell membranes, the SYTO 9 dye penetrates both the intact and damaged bacterial cell wall. The intensity of the green SYTO 9 dye is nearly the same for all the samples. On the other hand, the intensity of the red fluorescence is negligible for the control and BCH0 sample whereas it is continuously increasing with the increment of the doping percentages of the sample. The fluorescence is highest for the BCH7.5 sample as cells transit to a dead state. It has been confirmed from the experiment that the bacterial cell walls are ruptured maximum for the BCH7.5 sample. In addition, a merged data set is also represented in Supplementary Figure S9 where it has been seen that the red fluorescence increases with the doping percentages of the sample which validates that the cells are becoming damaged.
3 CONCLUSION
In order to eliminate the carcinogenic RhB dye and pathogenic S. aureus bacteria by using a facile ultrasound-based wireless approach. Herein, we developed a bismuth ferrite (BFO) doped chitosan nanocomposite through a simple solution casting method. The structural and morphological analyses of the samples were conducted by using X-ray diffraction, infrared spectroscopy, and electron microscopy confirming the successful synthesis of the sample. Further investigation reveals the piezo-responsive characteristics of the samples, which have been utilized for degrading organic dye (RhB) and pathogenic bacteria by the generation of ultrasound-mediated ROS production. Herein, we found a rapid and enormous production of ROS (especially hydroxyl radicals), which helps eradicate the carcinogenic dye and bacteria under the soft ultrasonic stimulus. The BCH nano-catalyst demonstrated exceptional degradation efficiency (∼87.8%) with a notable rate constant (k ≈ 0.02866 min−1), achieving nearly 88% dye degradation within 80 min and ∼99% in 30 min for bacterial death. Thus, it can be said that this nanocomposite achieved better activity compared to a single material (either BFO or chitosan). The nanocomposite shows simultaneous band edge tilting and screening charge effect, which makes it a better alternative than other piezoelectric biomaterials.
Mechanistically, the catalyst generated various reactive radicals (ROS), including hydroxyl radicals (•OH), holes (h+), superoxide radicals (•O2−), and electrons (e−), contributing to its high piezo-catalytic activity. Such generation of ROS has been detected by chemical scavenging experiments and further, it elucidates that hydroxyl radicals are the dominating factor of eliminating both organic dye and pathogenic bacteria. Additionally, it successfully generates 12.05 V of open circuit instantaneous piezo voltage by finger tapping, which marks a significant advancement in piezoelectric ferrite technology for environmental remediation.
In the future, there is a scope to improve the material performance by incorporating various nanomaterials (such as metal oxides, carbon-based nanomaterials, and quantum dots). Surface modification or surface functionalization can also be responsible for the enhancement of the material performance. The performance of chitosan-based materials in piezocatalysis can be significantly improved, paving the path for their practical application in environmental remediation and antibacterial treatment. However, focusing on the scalability and cost-effectiveness of the synthesis methods facilitates the large-scale production and commercialization of chitosan-based piezocatalytic materials. Shortly, these materials can be used in different biomedical devices as new and advanced composite materials are needed for this hour. Exploration of sustainable and eco-friendly synthesis routes can further enhance the attractiveness of these materials for real-world applications.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
YL: Conceptualization, Funding acquisition, Project administration, Resources, Writing–original draft, Writing–review and editing, Data curation, Formal Analysis, Investigation, Methodology, Software, Supervision, Validation, Visualization. JR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft, Writing–review and editing. SR: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft, Writing–review and editing. NH: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing–original draft, Writing–review and editing. BG: Conceptualization, Writing–original draft, Writing–review and editing, Funding acquisition, Project administration, Resources.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. The authors thank the financial support from the Shenzhen Science and Technology Program (JCYJ20210324131414040).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1420040/full#supplementary-material
REFERENCES
 Ali, A., Chen, L., Nasir, M. S., Wu, C., Guo, B., and Yang, Y. (2023). Piezocatalytic removal of water bacteria and organic compounds: a review. Environ. Chem. Lett. 21, 1075–1092. doi:10.1007/S10311-022-01537-3
 Ameta, R., and Ameta, S. C. (2016) Photocatalysis. doi:10.1201/9781315372396
 Aziz, S., Abdullah, O., Rasheed, M., and Ahmed, H. M. (2017). Effect of high salt concentration (HSC) on structural, morphological, and electrical characteristics of chitosan based solid polymer electrolytes. Polymers 9, 187. doi:10.3390/polym9060187
 Belamie, E., Domard, A., Chanzy, H., and Giraud-Guille, M. M. (1999). Spherulitic crystallization of chitosan oligomers. Langmuir 15, 1549–1555. doi:10.1021/LA9806754
 Biasotto, G., and Simões, A. (2011) A novel synthesis of perovskite bismuth ferrite nanoparticles, Processing and Application of Ceramics. Available at: https://doiserbia.nb.rs/Article.aspx?ID=1820-61311103171B (Accessed March 30, 2024). 
 Chen, Y., Deng, X., Wen, J., and Zhu, J. (2019) Z.B.-A.C.B. Environmental, undefined 2019, Piezo-promoted the generation of reactive oxygen species and the photodegradation of organic pollutants. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0926337319307702 (Accessed March 30, 2024). 
 Cheng, T., Gao, W., Gao, H., Wang, S., and Yi, Z. (2021) Piezocatalytic degradation of methylene blue, tetrabromobisphenol A and tetracycline hydrochloride using Bi4Ti3O12 with different morphologies. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0025540821001471 (Accessed March 30, 2024). 
 Copaciu, F., Opriş, O., Coman, V., Ristoiu, D., and Niinemets, Ü. (2013). Diffuse water pollution by anthraquinone and azo dyes in environment importantly alters foliage volatiles, carotenoids and physiology in wheat (Triticum aestivum). Water Air Soil Pollut. 224, 1478. doi:10.1007/S11270-013-1478-4
 Curteza, A. (2020) MDT “Sustainable textiles” SUSTAINABLE TEXTILES. 
 Dong, C., Fu, Y., Zang, W., He, H., and Xing, L. (2017) X.X.-A.S. Science, undefined 2017, Self-powering/self-cleaning electronic-skin basing on PVDF/TiO2 nanofibers for actively detecting body motion and degrading organic pollutants. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0169433217312242 (Accessed March 30, 2024). 
 Feng, Y., Ling, L., Wang, Y., Xu, Z., Cao, F., and Li, H., (2017) Z.B.-N. Energy, undefined 2017, Engineering spherical lead zirconate titanate to explore the essence of piezo-catalysis, Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S2211285517305347 (Accessed March 30, 2024). 
 Fernandes Queiroz, M., Rachel, K., Melo, T., Sabry, D. A., Sassaki, G. L., Alexandre, H., et al. (2015). Does the use of chitosan contribute to oxalate kidney stone formation? Mdpi.ComMF Queiroz. HAO RochaMarine Drugs 13, 141–158. doi:10.3390/md13010141
 Gadekar, M. R., and Ahammed, M. M. (2016). Coagulation/flocculation process for dye removal using water treatment residuals: modelling through artificial neural networks. Desalination Water Treat. 57, 26392–26400. doi:10.1080/19443994.2016.1165150
 Ghaly, A. E., Ananthashankar, R., Alhattab, M., V Ramakrishnan, V., and Ghaly, A. (2014). Production, characterization and treatment of textile effluents: a critical review. J. Chem. Eng. Process Technol. 5, 182. doi:10.4172/2157-7048.1000182
 Ghosh, S., Mondal, D., Roy, S., Roy, J., Bardhan, S., Mazumder, A., et al. (2023). Water flow and finger-tapping mediated piezoelectric energy generation using a natural hematite-based flexible PVDF-HFP membrane. J. Mater. Chem. C Mater. 11, 13418–13428. doi:10.1039/d3tc01920a
 Gokul, C., Mohan, A., Nair, S., Dhanya, S. R., and Satapathy, J. (2021). Structural, morphological and thermal analysis of pure and doped (Ho/Nd)-BFO multiferroics. J. Phys. Conf. Ser. 2070, 012008. doi:10.1088/1742-6596/2070/1/012008
 Govindan, S., Nivethaa, E. A. K., Saravanan, R., Narayanan, V., and Stephen, A. (2012). Synthesis and characterization of chitosan–silver nanocomposite. Appl. Nanosci. Switz. 2, 299–303. doi:10.1007/s13204-012-0109-5
 Hu, C., He, S., Lee, Y. J., He, Y., Kong, E. M., Li, H., et al. (2022). Live-dead assay on unlabeled cells using phase imaging with computational specificity. Nat. Commun. 2022 (13), 713–718. doi:10.1038/s41467-022-28214-x
 Ismail, M., Khan, M., Ali Khan, M., Asiri, A. M., Akhtar, K., Kamal, T., et al. (2019). Pollution, toxicity and carcinogenicity of organic dyes and their catalytic bio-remediation. Curr. Pharm. Des. 25 (25), 3645–3663. doi:10.2174/1381612825666191021142026
 Karaca, S., Önal, E., and Açışlı, Ö. (2017) A.K.-M.C. and Physics, undefined 2021, Preparation of chitosan modified montmorillonite biocomposite for sonocatalysis of dyes: parameters and degradation mechanism. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0254058420314851 (Accessed March 30, 2024). 
 Kumar, S., Sharma, M., and Kumar, A. (2019) “Rapid bacterial disinfection using low frequency piezocatalysis effect Journal of Industrial and Engineering Chemistry,”. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S1226086X19302199 (Accessed March 30, 2024). 
 Lin, E., Wu, J., Kang, Z., Qin, N., Ke, K., and Bao, D. (2022). Synergistic enhancement of piezocatalytic activity of BaTiO3Convex polyhedrons nanocomposited with Ag NPs/Co3O4QDs cocatalysts. ACS Appl. Mater Interfaces 14, 5223–5236. doi:10.1021/ACSAMI.1C19287
 Lin, J., Tsao, Y., Wu, M., Chou, T., and Lin, Z. (2017) J.W.-N. Energy, undefined 2017, Single-and few-layers MoS2 nanocomposite as piezo-catalyst in dark and self-powered active sensor. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S2211285516305778 (Accessed March 30, 2024). 
 Ma, W., Lv, M., Cao, F., Fang, Z., Feng, Y., Zhang, G., et al. (2022). Synthesis and characterization of ZnO-GO composites with their piezoelectric catalytic and antibacterial properties. J. Environ. Chem. Eng. 10, 107840. doi:10.1016/j.jece.2022.107840
 Magee, E. (2024) Polyelectrolyte complexation of chitosan and WS2 nanotubes - google scholar. Available at: https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Polyelectrolyte+Complexation+of+Chitosan+and+WS2+Nanotubes&btnG= (Accessed March 30, 2024). 
 Masimukku, S., Hu, Y., Lin, Z., and Chan, S.2018T.C.-N. Energy, undefined 2018, High efficient degradation of dye molecules by PDMS embedded abundant single-layer tungsten disulfide and their antibacterial performance. Elsevier. doi:10.1016/j.nanoen.2018.02.008
 Mhatre, S., Vivacqua, V., and Ghadiri, M. (2015) Research and design, undefined, Electrostatic phase separation: a review. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0263876215000453 (Accessed March 30, 2024). 
 Mondal, D., Bardhan, S., Das, N., Roy, J., and Ghosh, S. (2022a) A.M.-N. Energy, undefined 2022, Natural clay-based reusable piezo-responsive membrane for water droplet mediated energy harvesting, degradation of organic dye and pathogenic bacteria. ElsevierD Mondal. Available at: https://www.sciencedirect.com/science/article/pii/S2211285522009703 (Accessed March 30, 2024). 
 Mondal, D., Roy, S., Bardhan, S., Das, R., Maity, A., Chanda, D. K., et al. (2022b). Effect of microstructural evolution of natural kaolinite due to MWCNT doping: a futuristic ‘green electrode’ for energy harvesting applications. J. Mater. Sci. Mater. Electron. 33, 13826–13842. doi:10.1007/S10854-022-08314-6
 Mondal, D., Roy, S., Bardhan, S., Roy, J., Kanungo, I., Basu, R., et al. (2022c). Recent advances in piezocatalytic polymer nanocomposites for wastewater remediation. Dalton Trans. 51, 451–462. doi:10.1039/d1dt02653d
 Prodromakis, T. (2009) C.P.-A.S. Science, undefined, engineering the maxwell–wagner polarization effect, applied surface science. ElsevierT Prodromakis. Available at: https://www.sciencedirect.com/science/article/pii/S0169433209002931 (Accessed March 30, 2024). 
 Qian, W., Zhang, D., Bowen, C. R., Yang, Y., Xu, S., Zhao, X., et al. (2020) A coupled photo-piezo-catalytic effect in a BST-PDMS porous foam for enhanced dye wastewater degradation. Elsevier. doi:10.1016/j.nanoen.2020.105305
 Ramos, M., and Santana, C. (2021) C.V.-P.S. and, undefined 2021, A review on the treatment of textile industry effluents through Fenton processes. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0957582021005024 (Accessed March 30, 2024). 
 Rani, S., Shekhar, M., Kumar, P., and Prasad, S. (2022). Study on quantitative Rietveld analysis of XRD patterns of different sizes of bismuth ferrite. Appl. Phys. A Mater Sci. Process 128, 1046. doi:10.1007/s00339-022-06171-y
 Roy, J., Mondal, D., Chowdhury, J., and Bag, N.2024SG-C, undefined 2024, Enhanced piezocatalytic activity of BiFeO3 incorporated PVDF-HFP membrane for efficient degradation of carcinogenic industrial pollutant. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0272884224008113 (Accessed March 30, 2024). 
 Roy, J., Mukhopadhyay, L., and Bardhan, S. (2022) DM-D, undefined 2022, Piezo-responsive bismuth ferrite nanoparticle-mediated catalytic degradation of rhodamine B and pathogenic E. coli in aqueous medium and its extraction using, Pubs.Rsc.OrgJ. Available at: https://pubs.rsc.org/en/content/articlehtml/2022/dt/d2dt02918a (Accessed March 30, 2024). 
 Roy, M. (2021). “RS-I environmental data monitoring for pollution, undefined,” in Dyes and their removal technologies from wastewater: a critical review ( Elsevier). Available at: https://www.sciencedirect.com/science/article/pii/B9780128196717000063 (Accessed March 30, 2024). 
 Roy, S., Pal, K., Bardhan, S., Maity, S., Chanda, D. K., Ghosh, S., et al. (2019). Gd(III)-doped boehmite nanoparticle: an emergent material for the fluorescent sensing of Cr(VI) in wastewater and live cells. Inorg. Chem. 58, 8369–8378. doi:10.1021/ACS.INORGCHEM.9B00425
 Sarkar, D., Das, N., Saikh, M. M., Roy, S., Paul, S., Hoque, N. A., et al. (2023). Elevating the performance of nanoporous bismuth selenide incorporated arch-shaped triboelectric nanogenerator by implementing piezo-tribo coupling effect: harvesting biomechanical energy and low scale energy sensing applications. Adv. Compos Hybrid. Mater 6, 232. doi:10.1007/s42114-023-00807-0
 Schneider, J., Matsuoka, M., Takeuchi, M., Zhang, J., Horiuchi, Y., Anpo, M., et al. (2014). Understanding TiO2photocatalysis: mechanisms and materials. Chem. Rev. 114, 9919–9986. doi:10.1021/CR5001892
 Senguttuvan, S., and Senthilkumar, P. (2021) V.J.- Chemosphere, undefined 2021, Significance of conducting polyaniline based composites for the removal of dyes and heavy metals from aqueous solution and wastewaters-A review. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0045653520333981 (Accessed March 30, 2024). 
 Singh, G., Sharma, M., and Vaish, R. (2021). Flexible Ag@LiNbO3/PVDF composite film for piezocatalytic dye/pharmaceutical degradation and bacterial disinfection. ACS Appl. Mater Interfaces 13, 22914–22925. doi:10.1021/ACSAMI.1C01314
 Tu, S., Guo, Y., Zhang, Y., Hu, C., Zhang, T., Ma, T., et al. (2020). Piezocatalysis and piezo-photocatalysis: catalysts classification and modification strategy, reaction mechanism, and practical application. Adv. Funct. Mater 30. doi:10.1002/ADFM.202005158
 Uddin, M., and Ampiaw, R. (2021) W.L.- Chemosphere, undefined 2021, Adsorptive removal of dyes from wastewater using a metal-organic framework: a review, Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0045653521017860 (Accessed March 30, 2024). 
 Wang, K., Han, C., Li, J., Qiu, J., Sunarso, J., and Liu, S. (2022). The mechanism of piezocatalysis: energy band theory or screening charge effect?Angew. Chem. 134. doi:10.1002/ANGE.202110429
 Wu, W., Yin, X., Dai, B., Kou, J., and Ni, Y.2020C.L.-A.S. Science, undefined 2020, Water flow drived piezo-photocatalytic flexible films: Bi-piezoelectric integration of ZnO nanorods and PVDF. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0169433220308758 (Accessed March 30, 2024). 
 Yu, J., Chen, L., Hou, X., Mu, J., He, J., Geng, W., et al. (2022). Stretchable and skin-conformal piezo-triboelectric pressure sensor for human joint bending motion monitoring. J. Materiomics 8, 247–256. Elsevier. doi:10.1016/j.jmat.2021.10.007
 Zhu, M., Liao, B., Tang, Y., Chen, X., and Ma, R. (2023) The superior piezocatalytic performance of SrBi2Ta2O9 nanoflower: mechanism of screening effect and energy band theory. Elsevier. Available at: https://www.sciencedirect.com/science/article/pii/S0169433223010449 (Accessed March 30, 2024). 
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Liu, Roy, Roy, Hoque and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_qu5.gif
O, + Dye — Degradation products (CO,+H,0)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Highly efficient piezocatalytic composite with chitosan biopolymeric membranes and bismuth ferrite nanoparticles for dye decomposition and pathogenic S. aureus bacteria killing		1 Introduction

		2 Results and discussion		2.1 Structural, morphological, and stability analyses of the nanocomposites

		2.2 Estimation of the piezoelectric properties of the samples

		2.3 Piezocatalytic degradation of RhB by the nanocomposite

		2.4 Antibacterial efficacy and its mode of action





		3 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/math_qu4.gif





OPS/images/math_qu3.gif





OPS/images/math_qu2.gif
¢ +0,;, — 0









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





OPS/images/fchem-12-1420040-g004.gif





OPS/images/fchem-12-1420040-g005.gif
() _Bchs

(d)_Ecs

(¢)_Ecii0






OPS/images/fchem-12-1420040-g002.gif
1L pm





OPS/images/fchem-12-1420040-g003.gif





OPS/images/math_qu1.gif
Sample + Ultrasonication (US) — Sample (¢ +h")





OPS/images/fchem-12-1420040-t001.jpg
Name of the composite material

Degradation %

Degradation
time (min)

References

TiO,/PVDE

Ag loaded LiNO,/PVDF

Methylene blue (100%)

Tetracycline (69%) ciprofloxacin (53%), E. coli (99.999%)
and S, aureus (96.65%)

40

120(TC, CF); 180(EC, SA)

Dong et al. (2017)

Singh et al. (2021)

ZnO/PVDF, ZnO/PDMS Rhodamine B (RhB) 100 (W et al, 2020)
(~35%) for PDMS (~90%) for PVDF

Barium strontium titanate-PDMS composite Rhodamine B (97.8%) 90 Qian et al. (2020)

PDMS/MoS, Rhodamine B (67%) 200 Lin et al. (2017)

PDMS/WS, nanoflower Rhodamine B (99%) E. coli (99.99%) 90 Masimukku et al.

(2018)
Chitosan modified montmorillonite Acid orange 7 (98%), and basic red (82.74%) 60 Karaca et al. (2017)
BCH composite composed of chitosan-doped  Rhodamine B (87.8%) S. aureus bacteria (99%) 80,30 This work

bismuth ferrite






OPS/images/fchem-12-1420040-t002.jpg
Parameters pl

‘ Before catalysis 66 21

‘ Control (only dye) 67 62 100

‘ Sample + dye 67 92 178

‘ Catalysis (Before extraction of the NPs) 78 41 140
32 85

‘ Catalysis (After extraction of the NPs) 67






OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

Highly efficient piezocatalytic
composite with chitosan
biopolymeric membranes and
bismuth ferrite nanoparticles for
dye decomposition and
pathogenic S. aureus bacteria
killing





OPS/images/fchem-12-1420040-.gif
“Applications of Blopolymeric Membrancs.






OPS/images/fchem-12-1420040-g001.gif





