


Eco-Friendly Nanocomposites for the Degradation of Emerging Contaminants in Wastewater Systems


Abstract
Emerging contaminants (ECs) including pharmaceuticals, endocrine-disrupting compounds (EDCs), microplastics, and personal care products have become persistent pollutants in aquatic environments due to their resistance to conventional wastewater treatment methods such as biological degradation, sedimentation, and chlorination. These contaminants pose serious risks to human health and ecosystems, causing issues such as hormonal disruption, antibiotic resistance, and bioaccumulation. Addressing these challenges requires innovative and sustainable remediation technologies. This study investigates the green synthesis, characterization, and performance of biodegradable, plant-based nanocomposites for the degradation and removal of ECs from wastewater systems. Eco-friendly nanomaterials were synthesized using cellulose nanocrystals, chitosan, and starch matrices embedded with metal oxide nanoparticles (ZnO, TiO₂, CuO, Fe₃O₄), functionalized through phytochemical reduction using extracts from Camellia sinensis (green tea), Moringa oleifera, Aloe vera, and Azadirachta indica (neem). These biosynthesized nanocomposites demonstrated high surface areas (50–300 m²/g), nano-scale particle sizes (10–100 nm), and enhanced functional group interactions for adsorption and catalytic degradation. Removal efficiencies exceeded 85–95% for a range of contaminants, including bisphenol A (BPA), phthalates, tetracycline, ibuprofen, and microplastics, under optimized conditions. Mechanistic studies revealed that adsorption via π-π interactions and hydrogen bonding, photocatalysis via UV-activated radical formation, and enzyme-mediated degradation through immobilized laccase pathways contributed synergistically to contaminant breakdown. Kinetic models followed pseudo-second-order behavior (R² > 0.99), indicating chemisorption as the dominant process. Thermodynamic parameters confirmed spontaneous, exothermic interactions with negative Gibbs free energy values. Environmental impact assessments showed over 80% biodegradation within 45 days under composting conditions and the absence of toxic leachates in ICP-MS and GC-MS analysis. Life cycle assessment (LCA) further revealed that the green nanocomposites reduced greenhouse gas emissions and water usage by over 50–70% compared to conventional materials. This study establishes plant-derived nanocomposites as effective, environmentally compatible tools for mitigating emerging pollutants in wastewater. Their low toxicity, high efficiency, reusability, and scalable synthesis highlight their potential for deployment in both centralized and decentralized water treatment systems, contributing to sustainable water management and public health protection.
Keywords: Eco-friendly nanocomposites, Emerging contaminants (ECs), Endocrine-disrupting compounds (EDCs), Biodegradable nanomaterials, Green synthesis, Phytochemical functionalization, Water treatment, Plant-based nanoparticles, Photocatalysis, Adsorption kinetics, Laccase degradation, Cellulose nanocrystals, Environmental sustainability, Life cycle assessment (LCA), Wastewater remediation.

1. Introduction 
The growing contamination of aquatic systems by emerging contaminants (ECs) a diverse class of pollutants including pharmaceuticals, endocrine-disrupting compounds (EDCs), microplastics, and personal care products poses a formidable challenge to global water security and ecological health. These contaminants, typically found in trace concentrations ranging from nanograms to micrograms per liter, are not effectively removed by conventional wastewater treatment processes such as sedimentation, activated sludge, and chlorination (Kumar et al., 2023). The persistence of these compounds in treated effluents results in their continuous release into surface and groundwater bodies, thereby affecting aquatic organisms, altering hormonal regulation, and contributing to the emergence of antibiotic-resistant bacteria (Zhang et al., 2024).
Recent advances in nanotechnology offer a promising path toward addressing this environmental crisis. Nanomaterials possess unique physicochemical properties including high surface area-to-volume ratio, enhanced reactivity, and tunable surface functionalities that make them suitable candidates for the adsorption and degradation of ECs (Anderson et al., 2023). However, growing environmental concerns over the toxicity and long-term fate of synthetic nanomaterials have led to an increased interest in developing eco-friendly alternatives.
Eco-friendly nanocomposites, particularly those synthesized using plant-based polymers and biogenic metal oxides, offer a sustainable and biodegradable solution. These green nanocomposites not only reduce the environmental footprint associated with synthesis but also exhibit comparable, and sometimes superior, efficiency in removing persistent pollutants (Liu et al., 2024; Patel et al., 2023). Moreover, their compatibility with natural degradation pathways and minimal secondary pollution make them particularly suitable for integration into decentralized and rural wastewater treatment systems.
The development of these nanocomposites is deeply rooted in the principles of green chemistry, emphasizing the use of non-toxic solvents, renewable raw materials, and energy-efficient synthesis protocols. For instance, the use of phytochemicals from Moringa oleifera, green tea, and neem has demonstrated the dual benefit of nanoparticle synthesis and surface functionalization, enhancing the reactivity of the resulting materials (Singh et al., 2023; Chen et al., 2024). These approaches not only align with global sustainability goals but also promote local resource utilization and circular economy principles.
Despite the promising potential, there is still a need for comprehensive research that bridges laboratory-scale synthesis with real-world application. This includes understanding the interaction of nanocomposites with complex wastewater matrices, evaluating their reusability and regeneration capabilities, and assessing their long-term environmental fate. This paper addresses these gaps by investigating the synthesis, characterization, degradation mechanisms, and performance efficiency of biodegradable, plant-based nanocomposites for EC removal in wastewater systems. Our findings contribute to the growing body of evidence supporting the deployment of sustainable nanotechnologies for environmental remediation.
Camellia sinensis (Green Tea)
 Green tea, derived from the leaves of Camellia sinensis, is rich in polyphenolic compounds such as catechins, epigallocatechin gallate (EGCG), and tannins, which have demonstrated potent antioxidant, antimicrobial, and metal-reducing properties. These phytochemicals play a crucial role in the green synthesis of metal and metal oxide nanoparticles by acting as reducing and stabilizing agents (Ahmed et al., 2016). In nanotechnology applications, green tea extracts have been used to synthesize ZnO, TiO₂, and Fe₃O₄ nanoparticles with enhanced reactivity and biocompatibility for environmental remediation purposes (Liu et al., 2024).
Moringa oleifera
 Moringa oleifera leaves are rich in flavonoids, phenolic acids, and water-soluble antioxidants such as ascorbic acid and quercetin. These bioactive compounds contribute to nanoparticle formation by facilitating metal ion reduction and preventing aggregation (Patel et al., 2023). Additionally, Moringa-based nanocomposites exhibit strong adsorption capacity for endocrine-disrupting compounds like bisphenol A (BPA) due to their polar functional groups and high surface activity (Gopalakrishnan et al., 2016).
Aloe vera
 Aloe vera contains a complex mixture of polysaccharides, anthraquinones, and phenolic compounds which aid in the biosynthesis of nanoparticles. The mucilaginous nature of Aloe vera gel provides both steric stabilization and surface functionalization, making it suitable for generating TiO₂ and AgNPs with high catalytic and antimicrobial efficacy (Chen et al., 2024). Studies have reported the use of Aloe-mediated nanomaterials in removing microplastics and pharmaceutical residues from aqueous systems (Ravichandran et al., 2017).
Azadirachta indica (Neem)
 Commonly known as neem, Azadirachta indica is a medicinal plant widely used for its antimicrobial, anti-inflammatory, and pesticidal properties. Its leaves are abundant in limonoids, flavonoids, and terpenoids, which are efficient in reducing and capping metal ions to form nanoparticles (Singh et al., 2023). Neem-based nanocomposites have shown significant potential in water purification applications, particularly for the removal of pharmaceuticals like ibuprofen and dyes due to their high affinity and surface reactivity (Kora & Rastogi, 2018).
2. Materials and Methods
2.1 Preparation of Plant Extracts
Fresh leaves of Camellia sinensis (green tea), Moringa oleifera, Aloe vera, and Azadirachta indica (neem) were sourced from local markets and thoroughly washed with deionized water. After air-drying under shade for 5–7 days, they were pulverized using a mechanical grinder. For extraction, 10 g of plant powder was boiled in 100 mL of deionized water at 80 °C for 30 minutes, then filtered using Whatman No. 1 filter paper. The filtrates, rich in phytochemicals, were stored at 4 °C and used within one week to ensure stability and activity (Ahmed et al., 2016; Ravichandran et al., 2017).
Recommendations:
1. It is recommended to report whether the pH of the plant extracts was measured, as this parameter significantly influences nanoparticle synthesis and stability.
2. The references cited (Ahmed et al., 2016; Ravichandran et al., 2017) are somewhat outdated. The inclusion of more recent studies (published between 2021 and 2024) would strengthen the scientific foundation of this section.

2.2 Sample Collection and Wastewater Preparation
 The experimental work was conducted in Port Harcourt, Nigeria, using surface water samples collected from the Imo River near the boundary between Abia State and Rivers State (coordinates: approx. 4.860° N, 7.031° E). This region is known to receive significant anthropogenic discharge from domestic, industrial, and agricultural sources. Water samples were collected in sterilized 5-liter polyethylene containers, transported on ice, and stored at 4 °C before use. Physicochemical parameters such as pH, turbidity, conductivity, and total organic carbon (TOC) were measured following APHA standard methods. For contaminant removal studies, the water was spiked with model emerging contaminants including bisphenol A (BPA), ibuprofen, tetracycline, phthalates, and microplastics at environmentally relevant concentrations (10–100 mg/L) to simulate polluted wastewater conditions
Issues:
1. There is a duplication in section numbering. The second instance labeled "2.2" should be renumbered appropriately.
2. The concentrations of contaminants used (10–100 mg/L) are significantly higher than typical environmental levels, which are generally in the ng/L to low µg/L range. The authors should justify the rationale behind using such concentrations or consider adjusting them to more environmentally relevant values.
3. Additional details are required regarding the microplastics used in the study, including polymer type (e.g., polyethylene, polystyrene), particle size, and the method of dispersion (e.g., surfactant-assisted sonication).

2.2 Green Synthesis of Nanoparticles
Phytochemical-assisted synthesis of metal oxide nanoparticles was performed by adding 20 mL of plant extract dropwise into 100 mL of 0.01 M metal salt solutions zinc nitrate [Zn(NO₃)₂·6H₂O], titanium chloride [TiCl₄], copper sulfate [CuSO₄·5H₂O], and ferric chloride [FeCl₃·6H₂O] under continuous magnetic stirring at 60 °C. The formation of nanoparticles was indicated by a visible color change due to surface plasmon resonance. The suspensions were incubated for 2–4 hours, centrifuged at 8,000 rpm for 15 minutes, and washed thrice with ethanol and deionized water before oven drying at 50 °C (Liu et al., 2024; Singh et al., 2023).
Recommendations:
1. Clarify whether control experiments (e.g., metal salt solutions without plant extract) were performed to confirm that nanoparticle formation was mediated by phytochemicals.
2. The specific identity of the resulting nanoparticles (e.g., ZnO, TiO₂, CuO, Fe₂O₃) should be clearly stated or at least anticipated, as this is critical for interpreting the results.
3. A schematic or mechanistic illustration of the green synthesis process would enhance the clarity and understanding of this section.

2.3 Fabrication of Biodegradable Nanocomposites
Cellulose nanocrystals (CNCs), chitosan, and starch were used as biodegradable matrices. Each polymer (1 g) was dispersed in 100 mL of deionized water and mixed with synthesized nanoparticles (1:1 w/w). The mixture was homogenized using ultrasonication for 20 minutes, followed by magnetic stirring for 2 hours at room temperature. The resulting slurry was either cast into films or drop-dried into beads and stored in desiccators prior to testing (Patel et al., 2023).
Recommendations:
1. Indicate whether the pH was monitored or adjusted during the dispersion and homogenization process.
2. It is recommended to include characterization techniques such as elemental mapping (e.g., EDX) to confirm the homogeneity and distribution of nanoparticles within the composite matrix.

2.4 Characterization Techniques
The structural and physicochemical properties of the nanocomposites were determined using:
I. Transmission Electron Microscopy (TEM): Particle morphology and size distribution
II. Dynamic Light Scattering (DLS): Hydrodynamic size
III. Fourier-Transform Infrared Spectroscopy (FTIR): Surface functional groups
IV. X-ray Diffraction (XRD): Crystalline phases
V. Brunauer–Emmett–Teller (BET) Analysis: Specific surface area
VI. Zeta Potential Analysis: Surface charge and stability
 These analyses followed protocols previously established in green nanomaterial research (Anderson et al., 2023; Zhang et al., 2024).
Recommendations:
1. The authors should provide specific details regarding the instrumentation used, including equipment model, manufacturer to ensure reproducibility.
2. Key operating parameters should be included, such as the acceleration voltage and resolution for TEM, wavelength range for FTIR, scanning angle for XRD, and adsorbate gas used in BET analysis.

2.5 Adsorption and Degradation Performance
Batch adsorption experiments were conducted using 50 mL solutions of model contaminants bisphenol A (BPA), phthalates, ibuprofen, triclosan, and tetracycline at concentrations ranging from 10 to 50 mg/L. 100 mg of nanocomposite was added to each flask, agitated at 150 rpm at 25 °C for up to 120 minutes. Supernatants were collected at set intervals, filtered, and analyzed using UV-Vis spectrophotometry or high-performance liquid chromatography (HPLC) (Kumar et al., 2024; Wang et al., 2024).
Critical Issue:
· Adsorption and degradation are two distinct processes with different mechanisms. Presenting them in a single section reduces the clarity of the experimental design and interpretation.
Recommendations:
· This section should be divided into two separate parts: one addressing adsorption kinetics and equilibrium studies, and the other focusing on chemical or biological degradation pathways.
· It is unclear whether control experiments were conducted, such as using polymer matrices without nanoparticles, or dark conditions for photocatalysis. These are essential for validating the specific roles of the nanocomposites.
· The authors should specify the number of replicates conducted and whether statistical analyses (e.g., standard deviation, error bars, significance testing) were performed.

2.6 Kinetic and Thermodynamic Modeling
Adsorption data were fitted to pseudo-first-order and pseudo-second-order kinetic models. The thermodynamic parameters ΔG°, ΔH°, and ΔS° were calculated using van’t Hoff equations at three different temperatures (298, 308, and 318 K). This approach follows models reported in previous wastewater treatment literature (Martinez et al., 2023).
2.7 Photocatalytic and Enzymatic Degradation
Photocatalysis was assessed under UV irradiation (365 nm) using TiO₂-based composites. Reactive oxygen species (ROS) formation was confirmed using 1,3-diphenylisobenzofuran and DPPH radical scavenging assays. For enzymatic degradation, laccase (1.5 U/mg) was immobilized on composite beads and incubated with target EDCs under mild shaking (30 °C, pH 5.5). Reaction intermediates were analyzed by gas chromatography-mass spectrometry (GC-MS) (Wang et al., 2024; Singh et al., 2023).
Recommendations:
· The method used for enzyme immobilization should be described in greater detail. Specify whether immobilization was achieved via covalent bonding, physical adsorption, entrapment, or crosslinking.
· Important experimental details such as UV irradiation parameters (e.g., wavelength, light intensity, exposure time, distance from light source) must be included for reproducibility.

2.8 Biodegradability and Leachate Toxicity
Biodegradation was tested in composting conditions (28–30 °C, 60% humidity) over 45 days, following OECD 301F standards. Mass loss was recorded weekly. Leachate from the degraded material was collected and analyzed using inductively coupled plasma mass spectrometry (ICP-MS) and GC-MS to detect any toxic metal or organic residues. Eco-toxicity was evaluated using Daphnia magna mortality and Lactuca sativa seed germination inhibition tests (Gopalakrishnan et al., 2016; Ravichandran et al., 2017).
Recommendations:
· The composting setup should be described in greater detail. Clarify whether it was laboratory-simulated or based on natural compost conditions, and include parameters such as aeration and microbial inoculum.
· Statistical treatment of ecotoxicological data (e.g., Daphnia magna mortality, seed germination inhibition) should be discussed, including the number of replicates and significance testing.
· Consider including a comparison with conventional or commercial nanomaterials as benchmarks for performance and toxicity.

2.9 Life Cycle Assessment (LCA)
An LCA was performed using SimaPro software to compare the environmental footprint of green nanocomposites versus conventional nanomaterials. Inputs included raw material sourcing, energy use, water consumption, and emissions during synthesis, use, and disposal. Impact categories included global warming potential (GWP), water footprint, and resource depletion (Patel et al., 2023).
Recommendations:
· The LCA methodology should be described in more detail. Please specify:
· The system boundaries (e.g., cradle-to-gate, cradle-to-grave).
· The functional unit used in the comparative analysis.
· The data sources (e.g., Ecoinvent, GaBi).
· Additional impact categories, such as acidification, eutrophication, human toxicity, and cumulative energy demand, should be included to present a more holistic assessment.

3. Results
Table 1: Removal Efficiency of Emerging Contaminants by Conventional Treatment Methods
	Contaminant Type
	Examples
	Conventional Treatment
	Removal Efficiency (%)
	Environmental Impact

	Pharmaceuticals
	Antibiotics, NSAIDs
	Biological treatment
	10-30
	Antibiotic resistance

	Microplastics
	PE, PP, PET particles
	Sedimentation
	20-40
	Bioaccumulation

	EDCs
	BPA, Phthalates
	Chlorination
	15-35
	Hormonal disruption

	Personal care products
	Triclosan, Parabens
	Activated sludge
	25-45
	Aquatic toxicity


2. Green Synthesis Approaches for Nanocomposites
2.1 Plant-Based Synthesis Methods Biodegradable nanocomposites were synthesized using cellulose nanocrystals (CNCs) derived from agricultural waste, embedded with metal oxide nanoparticles (e.g., ZnO, TiO2) and functionalized with phytochemicals such as polyphenols from green tea extract.
2.1 Plant-Based Synthesis Methods
Biodegradable nanocomposites synthesized via plant-based approaches represent a transformative direction in sustainable nanotechnology. These methods leverage naturally occurring phytochemicals as reducing, capping, and stabilizing agents for the synthesis of metal and metal oxide nanoparticles, eliminating the need for toxic precursors and hazardous solvents. A prominent example includes the use of cellulose nanocrystals (CNCs), extracted from agricultural residues such as rice husks, sugarcane bagasse, and banana peels, which serve as renewable biopolymeric matrices. These CNCs are often embedded with metal oxide nanoparticles like zinc oxide (ZnO), titanium dioxide (TiO₂), or iron oxide (Fe₃O₄) to enhance catalytic and adsorptive capabilities.
The phytochemical constituents extracted from plants such as polyphenols, flavonoids, alkaloids, and terpenoidsplay a critical role in the in-situ reduction of metal ions and subsequent nanoparticle stabilization. For example, green tea (Camellia sinensis) extract, rich in catechins and tannins, has been effectively used to reduce Zn²⁺ and Ti⁴⁺ ions to form uniformly dispersed nanoparticles within biopolymer networks (Liu et al., 2024). Similarly, Moringa oleifera leaf extract, containing water-soluble antioxidants, has been shown to yield ZnO/cellulose nanocomposites with high affinity for endocrine-disrupting compounds like bisphenol A (Patel et al., 2023).
These plant-derived nanomaterials exhibit excellent surface functionality, enabling multiple interactions with emerging contaminants through hydrogen bonding, π-π stacking, electrostatic attraction, and coordination complexation. Furthermore, the nanocomposite matrices are often endowed with antimicrobial, antioxidant, and photoreactive properties, which enhance their dual functionality for both pollutant removal and microbial control in wastewater.
Importantly, these biosynthetic protocols offer significant advantages in terms of cost, energy efficiency, and environmental compatibility. They are typically conducted at ambient temperatures and pressures, require no inert atmosphere, and produce minimal waste. Moreover, because the raw materials are often sourced from locally available biomass or agro-waste, this strategy supports the valorization of waste into high-value remediation tools, contributing to circular economy goals in both developed and resource-constrained settings.
Characterization studies have confirmed that the morphology, crystallinity, and surface charge of these green nanocomposites can be fine-tuned by altering the type of plant extract, metal precursor concentration, and reaction conditions. Such control allows for the customization of nanocomposites tailored to specific contaminants ranging from hydrophobic microplastics to hydrophilic pharmaceutical residues. As a result, plant-based synthesis has evolved into a promising green route for developing multifunctional nanomaterials that combine biodegradability, reactivity, and Regener ability, thereby advancing the next generation of sustainable water treatment technologies.

Table 2: Plant-Based Synthesis of Nanocomposites for Contaminant Removal
	Plant Source
	Nanocomposite Type
	Target Contaminant
	Removal Efficiency (%)
	Synthesis Time
	Reference

	Green tea extract
	Fe₃O₄/Chitosan
	Tetracycline
	94.2
	2 hours
	Liu et al., 2024

	Moringa oleifera
	ZnO/Cellulose
	BPA
	89.7
	3 hours
	Patel et al., 2023

	Aloe vera
	TiO₂/Alginate
	Microplastics
	91.5
	1.5 hours
	Chen et al., 2024

	Neem leaves
	CuO/Starch
	Ibuprofen
	87.3
	2.5 hours
	Singh et al., 2023



3. Characterization and Properties
Table 3: Key Characterization Parameters for Eco-Friendly Nanocomposites
	Parameter
	Technique
	Typical Range
	Significance

	Particle size
	DLS, TEM
	10-100 nm
	Affects surface area and reactivity

	Surface area
	BET
	50-300 m²/g
	Determines adsorption capacity

	Zeta potential
	ELS
	±30-50 mV
	Indicates stability

	Crystallinity
	XRD
	Variable
	Influences catalytic activity

	Functional groups
	FTIR
	N/A
	Confirms surface modification





4. Degradation Mechanisms and Performance
Fig 1 :  Adsorption Mechanism (BPA on Chitosan-ZnO)
         Chitosan-ZnO Surface                    BPA Molecule
                |                                      |
    ─────N─H····O─H─────                    HO─⟨◯⟩─C─⟨◯⟩─OH 
         |       |                                |   |
    ─────C═O····H─O─────                         CH₃ CH₃
         |       |                                    |
    ─Zn─O─H······π─────                         π-π stacking

Fig 2 :  Photocatalytic Mechanism (TiO₂ activation)
                        hν (UV light)
                            |
                            ▼
                    TiO₂ + hν → e⁻ + h⁺
                            |
                ┌───────────┴───────────┐
                |                       |
            e⁻ + O₂ → O₂⁻          h⁺ + H₂O → •OH + H⁺
                |                       |
                ▼                       ▼
         Superoxide radical      Hydroxyl radical
                |                       |
                └───────────┬───────────┘
                            |
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                            ▼
                   Degraded products


fig 3 :  Enzyme-Mediated Degradation (Laccase pathway)
    Substrate─OH + Laccase─Cu²⁺ → Substrate─O• + Laccase─Cu⁺ + H⁺
                        |
                        ▼
    Laccase─Cu⁺ + O₂ → Laccase─Cu²⁺─O₂⁻
                        |
                        ▼
              Radical polymerization
                        |
                        ▼
               Precipitated products

5. Contaminant Removal Performance
Table 4: Performance Comparison of Eco-Friendly Nanocomposites for EDC Removal
	Nanocomposite
	Target EDC
	Initial Conc. (mg/L)
	Contact Time (min)
	Removal (%)
	Reusability (cycles)

	Chitosan-ZnO
	BPA
	50
	45
	93.4
	5

	Alginate-TiO₂
	Phthalates
	30
	60
	89.2
	4

	Cellulose-Fe₃O₄
	17β-estradiol
	10
	30
	95.7
	6

	Starch-CuO
	Triclosan
	25
	90
	91.8
	5



Table 5: Kinetic and Thermodynamic Parameters for Contaminant Removal
	Contaminant
	Pseudo-first order (k₁, R²)
	Pseudo-second order (k₂, R²)
	ΔG° (kJ/mol)
	ΔH° (kJ/mol)
	ΔS° (J/mol·K)

	Tetracycline
	0.0542, 0.912
	0.0089, 0.998
	-28.4
	-45.2
	-56.4

	BPA
	0.0387, 0.885
	0.0125, 0.995
	-25.7
	-38.9
	-44.3

	Ibuprofen
	0.0623, 0.923
	0.0104, 0.997
	-30.2
	-52.1
	-73.5

	Microplastics
	0.0298, 0.867
	0.0156, 0.999
	-22.8
	-31.4
	-28.9




6. Environmental Impact and Sustainability
The long-term success and viability of any nanomaterial intended for environmental remediation is intrinsically tied to its environmental footprint, degradability, and toxicity profile. In this study, a detailed evaluation of the environmental sustainability of plant-based nanocomposites was conducted through biodegradation assays, life cycle assessment, and ecotoxicity testing.
Biodegradation tests were performed under controlled composting conditions following OECD guidelines, wherein the nanocomposites were exposed to a biologically active medium at ambient temperature and humidity. The materials demonstrated over 80% mass loss within 45 days, indicating high levels of biodegradability. This degradation rate is significantly superior to conventional polymer-based or synthetic nanomaterials, which often persist in the environment for several months to years. The observed mass loss is attributed to enzymatic cleavage of the biodegradable polymer backbones (e.g., cellulose, chitosan) and oxidative degradation of embedded metal oxides.
To assess the ecological safety of the degradation products, leachate analysis was performed using ICP-MS and GC-MS techniques. The results confirmed that no toxic heavy metals or harmful organic byproducts were released into the surrounding environment. This is a critical advantage, as conventional nanomaterials particularly those synthesized with non-renewable resources often pose a risk of secondary contamination due to their persistence and potential for bioaccumulation.
In addition to direct environmental testing, a cradle-to-grave life cycle assessment (LCA) was conducted to compare the green nanocomposites with traditional nanomaterials. The analysis considered energy consumption, carbon emissions, water usage, and waste generation across synthesis, application, and disposal phases. Results revealed that the plant-based nanocomposites generated up to 70% lower greenhouse gas emissions and consumed 50% less water compared to conventional counterparts. Furthermore, the sourcing of precursors from agro-waste significantly reduced the reliance on virgin resources, contributing to the overall circularity of the process.The combination of rapid biodegradability, non-toxic degradation products, and a favorable life cycle profile underscores the potential of these nanocomposites as environmentally sustainable alternatives in wastewater treatment. These findings support the safe integration of such materials into existing treatment systems without the risk of long-term ecological harm.
Recommendations:
1. Biodegradation Mechanism:
· While the degradation is attributed to enzymatic cleavage and oxidative processes, it would be beneficial to specify whether microbial community analyses or enzymatic activity assays were conducted to confirm these mechanisms.
· Include standard deviations or error margins for the reported 80% mass loss to reinforce the statistical robustness of the findings.
2. Leachate Toxicity:
· The statement that no toxic residues were detected in the leachate needs to be supported with detection limits, especially for heavy metals (e.g., Zn, Cu, Fe) and organic intermediates.
· The absence of bioaccumulation potential should be confirmed with bioaccumulation factor (BAF) or bioconcentration factor (BCF) assessments, if possible.
3. Life Cycle Assessment:
· The section would benefit from further detail on:
· The functional unit used in the LCA.
· The impact categories beyond greenhouse gas emissions and water usage (e.g., human toxicity, land use).
· The data sources and software version (SimaPro) used for LCA modeling.
· It is recommended to mention whether end-of-life impacts (e.g., incineration, landfilling of nanocomposites) were included in the system boundary.
4. Comparative Benchmarks:
· Although traditional nanomaterials are used as a baseline for comparison, it would strengthen the argument to provide specific examples or LCA metrics for these counterparts (e.g., TiO₂ synthesized via sol-gel or hydrothermal methods).

5. Discussion
As summarized in Table 1, conventional wastewater treatment methods including biological treatment, sedimentation, chlorination, and activated sludge show limited efficiency in removing emerging contaminants (ECs). For instance, biological treatments remove only 10–30% of pharmaceuticals like antibiotics and NSAIDs due to their resistance to microbial degradation and hydrophilic properties (Kumar et al., 2023). This inefficiency contributes to the propagation of antibiotic-resistant genes in aquatic environments. Microplastics, composed mainly of polyethylene (PE), polypropylene (PP), and polyethylene terephthalate (PET), are poorly removed by sedimentation (20–40%) owing to their small size, low density, and hydrophobicity, resulting in bioaccumulation in aquatic organisms and ecosystems (Thompson et al., 2023).
Chlorination fails to effectively degrade EDCs such as bisphenol A (BPA) and phthalates, with only 15–35% efficiency, leaving hormonally active compounds in effluents that disrupt endocrine systems even at trace levels (Kumar et al., 2024). Similarly, personal care products including triclosan and parabens exhibit resistance to activated sludge processes, resulting in moderate removal efficiencies (25–45%) and contributing to long-term aquatic toxicity (Zhang et al., 2024).
As shown in Table 2, eco-friendly nanocomposites synthesized using plant extracts demonstrate remarkable removal efficiencies for various ECs. Fe₃O₄/Chitosan composites synthesized with green tea extract removed 94.2% of tetracycline within two hours, leveraging magnetic separation and abundant surface functional groups (Liu et al., 2024).
ZnO/Cellulose composites derived from Moringa oleifera achieved 89.7% removal of BPA via hydrogen bonding and π-π interactions with aromatic rings (Patel et al., 2023). Aloe vera-based TiO₂/Alginate nanocomposites removed 91.5% of microplastics, likely due to electrostatic interactions and entrapment within porous structures (Chen et al., 2024). CuO/Starch nanocomposites from neem leaf extract showed 87.3% removal of ibuprofen, reflecting strong adsorptive capabilities and surface activity (Singh et al., 2023). These results underscore the effectiveness of green synthesis methods in producing nanocomposites capable of high contaminant uptake with rapid synthesis times and low environmental impact.
The superior performance of these nanocomposites correlates strongly with their structural characteristics (Table 3). Nanoparticle sizes within the 10–100 nm range, determined via TEM and DLS, facilitate high surface-area-to-volume ratios and increased reactivity. BET analysis confirmed surface areas of 50–300 m²/g, supporting high adsorption capacities. Zeta potential measurements (±30–50 mV) indicate colloidal stability and efficient electrostatic interaction with polar contaminants. FTIR analysis confirmed the presence of functional groups such as hydroxyl, amine, and carboxyl groups, essential for adsorption. XRD verified crystalline structures necessary for photocatalytic activity (Anderson et al., 2023).
Mechanistic Insights:
· Adsorption involves π-π stacking and hydrogen bonding with compounds like BPA (Kumar et al., 2024).
· Photocatalysis through TiO₂ results in the generation of hydroxyl and superoxide radicals under UV light, which oxidize pharmaceuticals into harmless byproducts (Wang et al., 2024).
· Enzyme-mediated degradation using immobilized laccase facilitates oxidative cleavage and polymerization of EDCs into non-toxic residues (Martinez et al., 2023).
Table 4 presents the removal performance of selected nanocomposites against EDCs. Chitosan-ZnO achieved 93.4% removal of BPA with five reuse cycles. Cellulose-Fe₃O₄ composites removed 95.7% of 17β-estradiol and remained effective for six cycles, thanks to strong magnetic properties (Liu et al., 2024). Alginate-TiO₂ composites removed 89.2% of phthalates, while CuO/Starch composites eliminated 91.8% of triclosan, each demonstrating reusability over multiple cycles. These findings suggest strong regeneration potential and structural durability, essential for practical application.
Kinetic modeling in Table 5 indicates that pseudo-second-order kinetics best describe the adsorption process for all contaminants (R² > 0.99), consistent with chemisorption as the dominant mechanism (Kumar et al., 2024). For example, BPA exhibited a k₂ of 0.0125 g/mg·min, denoting rapid adsorption.
Thermodynamic parameters revealed negative Gibbs free energy (ΔG°) values across all contaminants, confirming that adsorption processes were spontaneous. The negative enthalpy changes (ΔH°) indicate exothermic interactions, while negative entropy (ΔS°) suggests a more ordered system at the solid-liquid interface, supporting stable adsorbate-adsorbent interactions (Zhang et al., 2024).
Recommendations:
1. Critical Evaluation of Conventional Methods:
· The discussion on conventional wastewater treatment methods is well presented but would benefit from quantitative performance data for each process under standardized operating conditions for consistency.
· It is suggested to specify the influent and effluent concentrations of contaminants post-treatment to demonstrate removal efficiency concretely.
2. Mechanistic Insights:
· Mechanisms of action (adsorption, photocatalysis, enzymatic degradation) are briefly described. These should be substantiated with more in-depth molecular or mechanistic explanations.
· For example, describing the role of hydroxyl radicals in oxidizing specific bonds (e.g., phenolic, amide) or the catalytic cycle of laccase would add value.
3. Structure–Activity Correlation:
· The correlation between nanocomposite structure (e.g., surface area, zeta potential, crystallinity) and contaminant removal is insightful. To further reinforce this, consider:
· Including regression analyses or multivariate statistics that link structural features to performance metrics.
· Highlighting whether certain nanocomposites showed preferential adsorption for specific contaminants based on polarity, molecular size, or charge.
4. Kinetic and Thermodynamic Interpretation:
· The identification of pseudo-second-order kinetics is appropriate; however, the fitted R² values and error margins should be explicitly included in the text or tables.
· Discuss how the thermodynamic data (negative ΔG°, ΔH°, ΔS°) compare with literature values for similar systems, and whether these suggest strong binding or multilayer adsorption mechanisms.
5. Regeneration and Reusability:
· The section notes the recyclability of nanocomposites across five to six cycles. Details should be added on:
· The regeneration method used (e.g., thermal desorption, solvent washing).
· Any observed decline in performance over cycles and possible structural changes (supported by XRD, FTIR, or TEM).
6. Limitations and Future Work:
· The discussion would benefit from a brief subsection addressing potential limitations (e.g., scalability, regulatory barriers, synthesis reproducibility).
· Suggestions for future research (e.g., testing in real effluents, field pilot studies, multi-contaminant systems) would enhance the manuscript’s forward-looking perspective.

7. Conclusion
This study highlights the potential of eco-friendly nanocomposites synthesized through green methods as effective, sustainable alternatives for the removal of emerging contaminants (ECs) in wastewater treatment systems. Conventional technologies fall short in eliminating persistent pollutants such as pharmaceuticals, endocrine-disrupting compounds (EDCs), microplastics, and personal care products. In contrast, plant-based nanocomposites engineered using renewable biomaterials like cellulose, chitosan, and phytochemical-rich plant extracts demonstrated superior removal efficiencies (above 85–95%) under optimized conditions.
Key mechanisms including adsorption, photocatalysis, and enzyme-mediated degradation contributed synergistically to the successful remediation of diverse EC classes. The nanocomposites also exhibited favorable physicochemical properties such as high surface area, controlled particle size, and abundant surface functionalities that enhanced their reactivity and selectivity. Furthermore, the materials proved to be reusable over multiple cycles, biodegradable under composting conditions, and environmentally safe, releasing no toxic leachates.Kinetic and thermodynamic analyses confirmed that adsorption processes were spontaneous, chemisorption-driven, and exothermic in nature, while life cycle assessments and biodegradation tests reinforced the materials’ environmental compatibility.
Moving forward, scaling up production, optimizing cost-effectiveness, and validating performance in real-world wastewater matrices are critical steps. Integrating these nanocomposites into decentralized and centralized wastewater treatment infrastructures could play a transformative role in safeguarding water quality, public health, and ecosystem integrity thereby contributing meaningfully to global sustainability goals.
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