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ABSTRACT 

This study presents a sustainable approach for the synthesis of magnetic nano-adsorbents derived from the 

invasive plant Parthenium hysterophorus for the efficient removal of the pesticide imidacloprid from aqueous systems. A 

green co-precipitation method was employed using plant extract as a reducing and stabilizing agent to fabricate bio-

functionalized Fe₃O₄ nanoparticles. Comprehensive characterization confirmed the successful formation of crystalline, 

superparamagnetic nanoparticles with enhanced surface functionality. The presence of phytochemical-derived functional 

groups significantly improved adsorption performance compared to chemically synthesized counterparts. Batch adsorption 

studies revealed that the removal efficiency was strongly influenced by pH, contact time, and adsorbent dosage, with optimal 

performance observed under near-neutral conditions. The green synthesized nanoparticles exhibited a maximum adsorption 

capacity of 105 mg/g and a surface area of 82.3 m²/g, significantly outperforming chemically synthesized counterparts. The 

adsorption process followed pseudo-second-order kinetics (R² > 0.99) and Langmuir isotherm behavior. Reusability studies 

showed retention of 68% efficiency after five cycles, confirming good stability. Catalytic degradation studies revealed 76% 

degradation efficiency within 90 minutes with a rate constant (k) of 0.018 min⁻¹, confirming the synergistic adsorption–

degradation capability of the synthesized nanomaterial. 

Keywords: Green synthesis; Magnetic nanoparticles; Parthenium hysterophorus; Imidacloprid removal; Water remediation. 

 

1. INTRODUCTION 

The rapid intensification of agricultural 

practices to meet the increasing food demands of a 

growing global population has led to the extensive use 

of synthetic pesticides, among which neonicotinoid 

compounds have gained significant prominence due to 

their high efficacy and systemic action (Kulkarni, 2023; 

Kundoo et al. 2018). One of the most widely used 

representatives of this class is Imidacloprid, which is 

extensively applied for the control of sucking insects in 

crops such as rice, cotton, and vegetables. Despite its 

agronomic benefits, the persistent and mobile nature of 

imidacloprid has raised serious environmental concerns, 

particularly due to its frequent detection in surface 

water, groundwater, and soil systems (Casillas et al. 

2022; Bonmatin et al. 2015). Its high solubility in water 

and relatively long half-life contribute to its widespread 

distribution in aquatic environments, thereby posing 

potential risks to non-target organisms, including 

pollinators, aquatic fauna, and even humans through 

bioaccumulation and trophic transfer (Zhang et al. 2022; 

Roodt et al. 2023; Lima-Fernandes et al. 2019). 

Conventional wastewater treatment 

technologies, including biological degradation, 

coagulation–flocculation, and membrane filtration, have 

shown limited efficiency in the removal of such 

recalcitrant organic contaminants (Barco-Bonilla et al. 

2010; Pang et al. 2020). This limitation is primarily 

attributed to the complex molecular structure and 

resistance of imidacloprid to biodegradation under 

typical environmental conditions. Moreover, advanced 

treatment processes such as ozonation and 

photocatalysis, although effective, are often associated 

with high operational costs, energy requirements, and 

the potential formation of toxic intermediate by-

products (Bello and Raman, 2019; Kudlek, 2019).  
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In recent years, adsorption-based techniques 

have emerged as one of the most promising approaches 

for water purification due to their simplicity, high 

efficiency, and adaptability (Badran et al. 2023). 

Particularly, the use of nanomaterials as adsorbents has 

attracted considerable attention owing to their high 

surface area, tunable surface properties, and enhanced 

reactivity (Borthakur, 2025). Among these, magnetic 

nanoparticles, especially iron oxide (Fe₃O₄)-based 

materials, have been widely explored due to their 

unique advantage of easy separation from treated water 

using an external magnetic field, thereby eliminating the 

need for complex filtration or centrifugation processes 

(You et al. 2021; Simeonidis et al. 2011). However, 

conventional synthesis routes for magnetic 

nanoparticles often involve toxic chemicals and harsh 

reaction conditions, which contradict the principles of 

green chemistry and limit their large-scale applicability 

(Osman et al. 2024). 

To address these challenges, the green 

synthesis of nanomaterials using plant-derived 

biomolecules has gained significant momentum as a 

sustainable alternative. Plant extracts are rich in 

bioactive compounds such as phenolics, flavonoids, 

alkaloids, and terpenoids, which can act as natural 

reducing, stabilizing, and capping agents during 

nanoparticle synthesis (Munir et al. 2021; Yousaf and 

Saleh, 2018). This approach not only minimizes the use 

of hazardous chemicals but also introduces functional 

groups on the nanoparticle surface, thereby enhancing 

their adsorption capacity and interaction with target 

pollutants (Das et al. 2023). In this context, the 

utilization of invasive plant species as biomass 

precursors offers a dual advantage of environmental 

remediation and ecological management. 

One such highly invasive and problematic 

weed is Parthenium hysterophorus, commonly known as 

congress grass. It is widely distributed across India and 

poses severe threats to agriculture, biodiversity, and 

human health due to its allelopathic effects and 

allergenic properties (Kohli et al. 2006; Tefera, 2002). 

The uncontrolled proliferation of Parthenium has led to 

significant economic losses and ecological imbalance in 

several regions. Interestingly, this plant is rich in various 

phytochemicals, including sesquiterpene lactones, 

phenolic acids, and flavonoids, which can be effectively 

utilized for the green synthesis of nanomaterials (Ahsan 

et al. 2020). The valorization of such invasive biomass 

into functional nanoadsorbents represents a sustainable 

and innovative approach aligned with the concept of 

waste-to-wealth conversion. 

Magnetic nanoparticles synthesized using 

Parthenium extract are expected to exhibit enhanced 

adsorption performance due to the synergistic effect of 

magnetic properties and bio-functionalized surfaces. 

The presence of oxygen-containing functional groups, 

such as hydroxyl and carboxyl groups, facilitates strong 

interactions with pesticide molecules through 

mechanisms such as hydrogen bonding, electrostatic 

attraction, and π–π interactions (Masoudi et al. 2018; 

Law, 2008). Furthermore, these nanoparticles can 

potentially act as catalysts in advanced oxidation 

processes, enabling the degradation of imidacloprid into 

less harmful intermediates (Shahwan et al. 2011). The 

integration of adsorption and catalytic functionalities in 

a single material system thus offers a promising 

pathway for efficient and sustainable water treatment. 

Despite the growing interest in biomass-

derived nanomaterials, limited studies have focused on 

the utilization of invasive plant species for the synthesis 

of magnetic nanocomposites and their application in 

pesticide remediation. In particular, the use of 

Parthenium-derived magnetic nanoparticles for the 

removal of imidacloprid remains largely unexplored. 

Therefore, the present study aims to develop a green 

synthesis route for the preparation of magnetic 

nanoparticles using Parthenium hysterophorus biomass 

and to evaluate their efficiency in the removal of 

imidacloprid from aqueous solutions. The study further 

investigates the adsorption behavior, kinetics, isotherms, 

and potential mechanisms involved in the remediation 

process. In summary, this work seeks to bridge the gap 

between invasive biomass management and advanced 

water treatment technologies by proposing a 

sustainable, cost-effective, and efficient nanomaterial-

based solution for pesticide contamination. The 

outcomes of this study are expected to contribute 

significantly to the development of eco-friendly 

remediation strategies and to provide valuable insights 

into the design of next-generation bio-derived nano-

adsorbents. This study presents a novel integration of 

invasive biomass valorization with advanced water 

treatment, demonstrating the potential of Parthenium 

hysterophorus-derived magnetic nanoparticles for the 

simultaneous adsorption and catalytic degradation of 

imidacloprid, highlighting a novel integration of 

invasive biomass valorization with advanced water 

treatment. 

2. MATERIALS AND METHODS 

2.1 Materials 

All chemicals used in the present investigation 

were of analytical grade and were utilized without any 

further purification. Ferric chloride hexahydrate 

(FeCl₃·6H₂O) and ferrous sulfate heptahydrate 

(FeSO₄·7H₂O) were employed as precursor salts for the 

synthesis of magnetic nanoparticles, while sodium 

hydroxide (NaOH) was used as the precipitating agent 

to facilitate the formation of iron oxide phases. The 

target contaminant selected for the study was 

Imidacloprid, which was procured in high purity and 

used to prepare stock and working solutions through 
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serial dilution using double-distilled water. Fresh 

biomass of Parthenium hysterophorus was collected 

from local uncultivated areas and thoroughly washed 

with tap water, followed by distilled water to eliminate 

adhered dust particles and extraneous impurities. All 

glassware used during the experiments was properly 

cleaned, rinsed with distilled water, and dried prior to 

use to avoid contamination. 

2.2 Preparation of Biomass Extract 

The collected biomass of Parthenium 

hysterophorus, consisting primarily of leaves and tender 

stems, was shade-dried under ambient conditions for a 

period of 5–7 days to ensure complete removal of 

inherent moisture without degradation of active 

phytochemicals. The dried biomass was then pulverized 

into a fine powder using a mechanical grinder and 

stored in airtight containers for further use. For the 

preparation of the aqueous extract, approximately 10 g 

of the powdered material was mixed with 100 mL of 

distilled water and heated at a controlled temperature 

range of 60–80°C for about one hour under continuous 

magnetic stirring to facilitate the extraction of bioactive 

constituents. The resulting mixture was allowed to cool 

naturally to room temperature and subsequently filtered 

using Whatman No. 1 filter paper to obtain a clear 

extract free from solid residues. This extract, rich in 

phenolic compounds, flavonoids, and other secondary 

metabolites, was stored under refrigerated conditions 

(4°C) and used within a short duration to preserve its 

reducing and stabilizing capability during nanoparticle 

synthesis. 

2.3 Green Synthesis of Magnetic Nanoparticles 

The synthesis of magnetic nanoparticles was 

carried out through a green co-precipitation method 

employing the prepared biomass extract as a dual-

functioning reducing and capping agent. In a typical 

synthesis procedure, aqueous solutions of ferric and 

ferrous salts were prepared separately and then mixed in 

a stoichiometric molar ratio of 2:1 under constant 

stirring at an elevated temperature of approximately 

70°C to ensure complete dissolution and homogeneity. 

The Parthenium extract was then introduced gradually 

into the metal ion solution, allowing the phytochemicals 

present in the extract to interact with the iron ions. 

Subsequently, a 1 M NaOH solution was added 

dropwise under vigorous stirring until the pH of the 

reaction medium reached around 10, which resulted in 

the immediate formation of a black precipitate, 

indicating the nucleation and growth of Fe₃O₄ 

nanoparticles. The reaction mixture was maintained 

under continuous stirring for an additional 1–2 hours to 

promote complete crystallization and stabilization of the 

nanoparticles. 

The synthesized nanoparticles were separated 

efficiently using an external magnetic field, washed 

repeatedly with distilled water, and then with ethanol to 

remove any unreacted species and residual organic 

compounds, and then dried in a hot air oven at 60°C for 

12 hours. The final product obtained was a fine black 

powder, designated as Parthenium-derived magnetic 

nanoparticles (PMNPs), which was stored in airtight 

containers for further characterization and application 

studies. A detailed schematic is presented in Figure 1. 

 

Fig. 1: Synthesis of parthenium hysterophorus derived iron 
oxide nanoparticles 

2.4 Characterization Techniques 

The synthesized PMNPs were subjected to 

comprehensive physicochemical characterization using 

standard analytical techniques to evaluate their 

structural, morphological, and surface properties. X-ray 

diffraction (XRD) analysis was performed to determine 

the crystalline structure and confirm the formation of 

the magnetite (Fe₃O₄) phase.  

The crystallite size (D) of the nanoparticles 

was estimated using the Scherrer equation: 

D = Kλ / (β cos θ)                     … (1) 

where K = 0.9 is the shape factor, λ = 0.15406 

nm is the wavelength of Cu Kα radiation, β is the full 

width at half maximum (FWHM) in radians, and θ is the 

Bragg angle.  
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Fourier transform infrared spectroscopy (FTIR) 

was employed to identify the functional groups present 

on the nanoparticle surface and to verify the successful 

capping of phytochemicals derived from the biomass 

extract. The morphology, particle size, and dispersion 

characteristics of the nanoparticles were examined using 

scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM), providing detailed insights 

into their nanoscale features. 

In addition, Brunauer–Emmett–Teller (BET) 

surface area analysis was carried out at -196 °C using 

nitrogen adsorption–desorption isotherms, with samples 

degassed at 200 °C for 4 hours under vacuum to 

evaluate the specific surface area and porosity, which 

are critical parameters influencing adsorption 

performance. The magnetic properties of the 

nanoparticles were assessed using a vibrating sample 

magnetometer (VSM) to confirm their 

superparamagnetic behavior and suitability for magnetic 

separation. Furthermore, zeta potential measurements 

were conducted to determine the surface charge and 

colloidal stability of the nanoparticles in aqueous 

suspension. 

2.5 Batch Adsorption Experiments 

The adsorption performance of the synthesized 

PMNPs for the removal of imidacloprid from aqueous 

solutions was evaluated through a series of batch 

experiments conducted under controlled laboratory 

conditions. A known volume of imidacloprid solution of 

predetermined concentration was taken in conical 

flasks, to which a measured quantity of the adsorbent 

was added. The mixture was then subjected to 

continuous agitation using an orbital shaker to ensure 

proper contact between the adsorbent and the pollutant 

molecules. The influence of various operational 

parameters, including pH, contact time, adsorbent 

dosage, initial concentration, and temperature, was 

systematically investigated to determine the optimal 

conditions for maximum removal efficiency. 

The pH of the solution was adjusted using 

dilute hydrochloric acid or sodium hydroxide solutions 

within a range of 2 to 10, as pH plays a crucial role in 

influencing the surface charge of the adsorbent as well 

as the speciation of the pesticide molecules. The effect 

of contact time was studied by varying the interaction 

period from 10 to 180 minutes to determine the 

equilibrium time and adsorption kinetics. Similarly, the 

adsorbent dosage was varied between 0.1 and 1.0 g/L to 

evaluate its impact on removal efficiency, while 

different initial concentrations of imidacloprid (5–100 

mg/L) were used to assess adsorption capacity and 

isotherm behavior. Temperature-dependent studies were 

carried out at 25°C, 35°C, and 45°C to investigate the 

thermodynamic aspects of the adsorption process. 

Following each experiment, the nanoparticles 

were separated from the solution using an external 

magnet, and the residual concentration of imidacloprid 

in the supernatant was determined using UV–Visible 

spectrophotometry at its characteristic absorption 

wavelength of 270nm. The adsorption capacity and 

percentage removal were calculated using standard 

equations. 

2.6 Adsorption Kinetics, Isotherms and 
Thermodynamics 

The adsorption data obtained from batch 

experiments were analyzed using well-established 

kinetic and isotherm models to elucidate the mechanism 

of adsorption. The kinetic behavior was evaluated using 

pseudo-first-order and pseudo-second-order models to 

identify the rate-controlling steps and the nature of 

adsorption interactions. Equilibrium data were fitted to 

Langmuir and Freundlich isotherm models to determine 

whether the adsorption process follows monolayer or 

multilayer coverage on the nanoparticle surface. 

Thermodynamic parameters, including Gibbs 

free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), 

were calculated based on temperature-dependent studies 

to assess the feasibility, spontaneity, and nature 

(endothermic or exothermic) of the adsorption process. 

2.7 Catalytic Degradation Studies 

In addition to adsorption, the catalytic potential 

of the synthesized PMNPs was evaluated through 

Fenton-like oxidation experiments in the presence of 

hydrogen peroxide (30% w/w, 10 mM concentration). 

The generation of reactive oxygen species, particularly 

hydroxyl radicals (•OH), was expected to enhance the 

degradation of imidacloprid. The degradation efficiency 

was monitored over time, and radical scavenging 

experiments were conducted using suitable quenching 

agents to confirm the involvement of reactive species in 

the degradation mechanism. 

2.8 Reusability and Regeneration 

The practical applicability of the synthesized 

nanoparticles was assessed through reusability studies 

involving multiple adsorption–desorption cycles. After 

each cycle, the nanoparticles were magnetically 

separated, washed thoroughly with ethanol and distilled 

water to remove adsorbed contaminants, dried, and 

reused for subsequent experiments. The retention of 

adsorption efficiency over successive cycles was used as 
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an indicator of the stability and durability of the 

material. 

2.9 Statistical Analysis 

All experimental investigations were 

performed in triplicate to ensure reproducibility and 

reliability of the results. The obtained data were 

expressed as mean values along with standard 

deviations, and regression analysis was carried out for 

kinetic and isotherm modeling to evaluate the goodness 

of fit. 

3. RESULTS AND DISCUSSION 

3.1 FTIR Analysis 

Fourier Transform Infrared (FTIR) 

spectroscopy was employed to investigate the surface 

functional groups present in the biomass extract, 

chemically synthesized magnetic nanoparticles, and 

green-synthesized nanoparticles derived from 

Parthenium hysterophorus. The FTIR spectra of the 

extract (G2), chemically synthesized Fe₃O₄ (G3), and 

Parthenium-derived magnetic nanoparticles (G4) are 

presented in Figure 2.  

Table 1. FTIR peak assignments for parthenium extract (G2), 
chemically synthesized Fe₃O₄ (G3), and green synthesized 

nanoparticles (G4) 

Wavenumber 

(cm⁻¹) 
Assignment G2 G3 G4 

3200–3500 

O–H stretching 

(phenolic/flavo

noid) 

Detected 
Not 

detected 
Detected 

1650–1700 
C=O stretching 

/ C=C aromatic 
Detected 

Not 

detected 
Detected 

1600 
C=C stretching 

(aromatic rings) 
Detected 

Not 

detected 
Detected 

1000–1100 

C–O stretching 

(alcohols/ethers

) 

Detected 
Not 

detected 
Detected 

570–590 
Fe–O stretching 

(magnetite) 

Not 

detected 

Detecte

d 
Detected 

The FTIR spectrum of the Parthenium extract 

(G2) exhibits several characteristic absorption bands 

corresponding to various phytochemical constituents. A 

broad and intense peak observed around 3200–3500 

cm⁻¹ can be attributed to the stretching vibrations of 

hydroxyl (–OH) groups, indicating the presence of 

phenolic and flavonoid compounds (Alshammari et al. 

2026). The peak near 1600 cm⁻¹ corresponds to C=C 

stretching vibrations of aromatic rings, while the band 

around 1000–1100 cm⁻¹ is associated with C–O 

stretching of alcohols and ethers. These functional 

groups play a crucial role in the reduction and 

stabilization of nanoparticles during green synthesis. 

In contrast, the FTIR spectrum of chemically 

synthesized Fe₃O₄ nanoparticles (G3) shows a 

prominent absorption band around 570–590 cm⁻¹, which 

is characteristic of Fe–O stretching vibrations in 

magnetite (Slavov et al. 2010). The absence of 

significant peaks in the higher wavenumber region 

indicates the lack of surface-bound organic functional 

groups, confirming that the nanoparticles are primarily 

inorganic in nature. 

 

Fig. 2: FTIR spectra of (G2) parthenium extract, (G3) 
chemically synthesized Fe₃O₄ nanoparticles, and (G4) 
parthenium-derived magnetic nanoparticles showing 
characteristic functional groups and Fe–O vibrations 

The FTIR spectrum of Parthenium-derived 

magnetic nanoparticles (G4) demonstrates the combined 

features of both Fe₃O₄ and biomass-derived functional 

groups. A distinct Fe–O stretching band is observed 

around 580 cm⁻¹, confirming the successful formation 

of magnetic nanoparticles. In addition, the presence of a 

broad peak in the region of 3200–3400 cm⁻¹ indicates 

the retention of hydroxyl groups on the nanoparticle 

surface. A moderate peak near 1650–1700 cm⁻¹ 

corresponds to carbonyl (C=O) or aromatic C=C 

stretching vibrations, suggesting the attachment of 

organic moieties from the plant extract (Maleki et al. 

2018). 

The comparison of spectra (Table 1) clearly 

indicates that the green synthesized nanoparticles 

possess additional functional groups compared to their 

chemically synthesized counterparts. This confirms that 

the phytochemicals present in the Parthenium extract act 

as capping and stabilizing agents, leading to the 

formation of bio-functionalized nanoparticles. Such 

surface functionalization is highly beneficial for 

adsorption applications, as it enhances the interaction 

between the adsorbent surface and the target pollutant, 

namely Imidacloprid, through mechanisms such as 

hydrogen bonding and electrostatic interactions (Dong 

et al. 2024). 
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Furthermore, the slight broadening and reduced 

intensity of peaks in the G4 spectrum compared to G2 

indicate the involvement of these functional groups in 

the nanoparticle formation process. This suggests that 

the phytochemicals are not merely adsorbed but are 

chemically associated with the nanoparticle surface, 

thereby improving stability and dispersion in aqueous 

media. 

Overall, the FTIR analysis confirms the 

successful synthesis of Fe₃O₄ nanoparticles and 

highlights the significant role of Parthenium biomass in 

imparting functional properties to the nanomaterial. The 

presence of surface-bound organic groups in G4 is 

expected to contribute to its superior adsorption 

performance compared to chemically synthesized 

nanoparticles. 

3.2 XRD Analysis 

X-ray diffraction (XRD) analysis was carried 

out to determine the crystalline structure, phase purity, 

and crystallite characteristics of the synthesized 

magnetic nanoparticles. The diffraction patterns of 

chemically synthesized Fe₃O₄ (G3) and Parthenium 

hysterophorus-derived magnetic nanoparticles (G4) are 

presented in Figure 3. 

The XRD pattern of chemically synthesized 

Fe₃O₄ nanoparticles (G3) exhibits well-defined and 

sharp diffraction peaks at 2θ values of approximately 

18.3°, 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, and 62.6°, 

which correspond to the characteristic crystal planes 

(111), (220), (311), (400), (422), (511), and (440), 

respectively, of the inverse spinel structure of magnetite 

(Fe₃O₄) (Awwad and Salem, 2012). The presence of 

these distinct peaks confirms the successful formation 

of crystalline Fe₃O₄ nanoparticles without any 

detectable secondary phases such as hematite or 

maghemite. 

In comparison, the XRD pattern of the green 

synthesized nanoparticles (G4) also displays the same 

set of characteristic peaks corresponding to Fe₃O₄, 

indicating that the use of biomass extract does not alter 

the fundamental crystal structure of the material. 

However, a noticeable difference is observed in the peak 

profiles of G4, where the diffraction peaks appear 

relatively broader and slightly less intense than those of 

G3. This broadening of peaks is indicative of a 

reduction in crystallite size and an increase in structural 

disorder, which is commonly observed in nanoparticles 

synthesized via green routes (Alawfi et al. 2020). 

The reduction in crystallite size for G4 can be 

attributed to the presence of phytochemicals in the 

Parthenium extract, which act as capping agents and 

inhibit excessive crystal growth during nucleation. 

These biomolecules effectively restrict particle 

aggregation and promote the formation of smaller, well-

dispersed nanoparticles. Such nanoscale dimensions are 

advantageous for adsorption applications, as they 

provide a higher surface-to-volume ratio and increased 

availability of active sites. 

 

Fig. 3: XRD patterns of (G3) chemically synthesized Fe₃O₄ 
nanoparticles and (G4) Parthenium-derived magnetic 
nanoparticles showing characteristic diffraction peaks 
corresponding to magnetite structure and peak broadening 
in green synthesized samples 

Furthermore, the absence of any additional 

impurity peaks in the G4 pattern confirms that the green 

synthesis method produces phase-pure magnetite 

nanoparticles. The similarity in peak positions between 

G3 and G4 indicates that the lattice structure remains 

intact, while the variation in peak width highlights the 

influence of synthesis methodology on crystallite size 

and morphology. 

Based on peak broadening observations, the 

G4 nanoparticles are expected to possess smaller 

crystallite sizes compared to G3, which is consistent 

with the results obtained from particle size analysis. The 

calculated crystallite sizes were 18.5 nm for G3 and 

12.3 nm for G4, confirming the reduced crystallite 

dimensions achieved through the green synthesis 

approach. 

Overall, the XRD analysis confirms the 

successful synthesis of crystalline Fe₃O₄ nanoparticles 

through both chemical and green routes. The green-

synthesized nanoparticles exhibit reduced crystallite 

size and enhanced dispersion due to the influence of 

biomass-derived capping agents, which is expected to 

significantly improve their adsorption performance 

toward Imidacloprid. 
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3.3 TEM Morphological Analysis 

The morphological features and particle size 

distribution of the synthesized magnetic nanoparticles 

were examined using transmission electron microscopy 

(TEM) to gain detailed insights into their nanoscale 

structure. The TEM analysis provides direct 

visualization of particle shape, size, and dispersion, 

which are critical parameters influencing the adsorption 

performance of the material. The comparison between 

chemically synthesized Fe₃O₄ nanoparticles (G3) and 

Parthenium hysterophorus-derived magnetic 

nanoparticles (G4) reveals distinct differences in their 

morphological characteristics. 

The TEM images of the chemically 

synthesized nanoparticles (G3) (Figure 4a) show 

predominantly quasi-spherical particles with noticeable 

agglomeration. The particles appear relatively large in 

size with a broad distribution, indicating uncontrolled 

nucleation and growth during the chemical synthesis 

process. Such aggregation is commonly observed in 

magnetic nanoparticles due to strong magnetic dipole–

dipole interactions, which lead to clustering and reduced 

effective surface area (Ovejero et al. 2016). The 

irregular arrangement and partial fusion of particles 

further suggest limited stabilization during synthesis, 

resulting in reduced dispersion stability. 

 

Fig. 4: TEM images of (a) chemically synthesized Fe₃O₄ 
nanoparticles (G3) showing agglomeration and larger 
particle size, and (b) Parthenium-derived magnetic 
nanoparticles (G4) exhibiting uniform dispersion and 
smaller particle size  

In contrast, the TEM images of the green 

synthesized nanoparticles (G4) (Figure 4b) exhibit well-

dispersed, uniformly distributed particles with 

comparatively smaller sizes and narrower size 

distribution. The particles are predominantly spherical 

with smooth boundaries, indicating controlled 

nucleation and growth facilitated by the biomolecules 

present in the plant extract. The reduced agglomeration 

observed in G4 can be attributed to the capping effect of 

phytochemicals such as phenolics and flavonoids, which 

adsorb onto the nanoparticle surface and provide steric 

as well as electrostatic stabilization (Da Silva et al. 

2004). This stabilizing layer prevents particle–particle 

interaction and inhibits excessive clustering, thereby 

maintaining nanoscale dispersion. The average particle 

size observed from TEM analysis for G4 is significantly 

lower than that of G3, with mean particle diameters of 

45 ± 8 nm for G3 and 22 ± 5 nm for G4 (Fig. S1). The 

narrower size distribution of G4 confirms the superior 

dispersibility achieved through green synthesis, which is 

consistent with the XRD results discussed in Section 

3.2, where peak broadening indicated smaller crystallite 

sizes for the green-synthesized sample. It is important to 

distinguish that while XRD provides information about 

crystallite size, TEM reflects the overall particle size, 

including possible aggregation. Nevertheless, the 

agreement between both techniques confirms the 

effectiveness of the green synthesis approach in 

producing finer nanoparticles. Furthermore, the 

improved dispersion and reduced particle size in G4 are 

expected to enhance its interaction with pollutant 

molecules such as Imidacloprid. Smaller particles 

provide a larger surface-to-volume ratio, thereby 

increasing the number of active sites available for 

adsorption. Additionally, the presence of surface-bound 

organic functional groups, as confirmed by FTIR 

analysis (Section 3.1), further enhances the adsorption 

capability by facilitating multiple interaction 

mechanisms. 

Overall, the TEM analysis clearly demonstrates 

that the use of Parthenium biomass in the synthesis 

process leads to the formation of smaller, well-

dispersed, and morphologically uniform nanoparticles 

compared to chemically synthesized counterparts. These 

structural advantages play a crucial role in improving 

the adsorption efficiency and stability of the 

nanomaterial, thereby making it highly suitable for 

environmental remediation applications. 

3.4 BET Surface Area and Porosity Analysis 

The textural properties of the synthesized 

nanoparticles were evaluated using Brunauer–Emmett–

Teller (BET) analysis, and the results are summarized in 

Table 3, clearly indicating the improved textural 

properties of G4 compared to G3. The chemically 

synthesized Fe₃O₄ nanoparticles (G3) exhibited a 

specific surface area of 62.5 m²/g, whereas the 

Parthenium-derived magnetic nanoparticles (G4) 

showed a significantly higher surface area of 82.3 m²/g. 
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Table 3. BET surface properties of synthesized 
nanoparticles 

Sample 
Surface Area 

(m²/g) 

Pore Volume 

(cm³/g) 

Average Pore 

Size (nm) 

G3 62.5 ± 1.2 0.12 ± 0.01 9.5 ± 0.3 

G4 82.3 ± 1.5 0.18 ± 0.01 8.2 ± 0.2 

The pore volume of G4 (0.18 cm³/g) was 

considerably higher than that of G3 (0.12 cm³/g), 

indicating enhanced porosity. The average pore size of 

G4 (~8.2 nm) falls within the mesoporous range, which 

is favorable for adsorption of organic molecules such as 

imidacloprid. The nitrogen adsorption–desorption 

isotherm for G4 exhibited a Type IV isotherm with an 

H2-type hysteresis loop, characteristic of mesoporous 

materials with ink-bottle-shaped pores. The pore size 

distribution curve (Fig. S1, Supplementary Information) 

showed a narrow distribution centered around 8.2 nm, 

confirming uniform mesoporosity (Fig. S3). The 

phytochemical-mediated synthesis, which prevents 

particle agglomeration and promotes the formation of 

porous nanostructures. These features enhance the 

accessibility of adsorption sites and improve mass 

transfer efficiency. The BET results strongly correlate 

with the superior adsorption performance observed for 

G4 in subsequent sections. 

3.5 Magnetic Properties and Surface Charge 
Analysis 

The magnetic behavior and surface charge 

characteristics of the synthesized nanoparticles play a 

crucial role in determining their applicability in 

environmental remediation. In the present study, the 

magnetic properties were evaluated using vibrating 

sample magnetometry (VSM), while the surface charge 

behavior was analyzed through zeta potential 

measurements. The results for chemically synthesized 

Fe₃O₄ (G3) and Parthenium hysterophorus-derived 

magnetic nanoparticles (G4) are presented in Figure 5a 

and Figure 5b, respectively. 

The VSM curves of both G3 and G4, as shown 

in Figure 5a, exhibit typical S-shaped magnetization 

profiles with negligible coercivity and remanence, 

indicating the superparamagnetic nature of the 

nanoparticles (Abboud et al. 2015). This behavior is 

highly desirable for wastewater treatment applications, 

as it allows the nanoparticles to be easily separated from 

the aqueous medium using an external magnetic field 

without retaining residual magnetization after removal. 

The saturation magnetization (Ms) values for G3 are 

observed to be slightly higher than those of G4 with Ms 

= 68.5 emu/g for G3 and 52.3 emu/g for G4. This 

reduction in magnetization for the green synthesized 

nanoparticles can be attributed to the presence of non-

magnetic organic layers derived from the biomass 

extract, which coat the nanoparticle surface and reduce 

the overall magnetic response (Riva et al. 2016). 

 

Fig. 5a: VSM magnetization curves of (G3) chemically 
synthesized Fe₃O₄ nanoparticles and (G4) Parthenium-
derived magnetic nanoparticles showing 
superparamagnetic behavior 

Despite the slight decrease in saturation 

magnetization, the G4 nanoparticles still retain 

sufficiently high magnetic responsiveness for efficient 

separation. This indicates that the green synthesis 

approach successfully balances magnetic functionality 

with surface modification. The presence of organic 

capping layers not only stabilizes the nanoparticles but 

also introduces additional functional groups, thereby 

enhancing adsorption performance. Thus, a trade-off is 

observed between magnetic strength and surface 

functionality, where G4 demonstrates improved 

adsorption capability at the expense of a marginal 

reduction in magnetization. 

 

Fig. 5b: Zeta potential variation with pH for (G3) and (G4) 
nanoparticles, indicating surface charge behavior and 
isoelectric point shift due to biomass functionalization 

The surface charge properties of the 

nanoparticles were further investigated through zeta 

potential measurements as a function of pH, as depicted 

in Figure 5b. The zeta potential values provide insight 

into the stability of nanoparticle suspensions and their 

interaction with charged pollutant species. The 
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chemically synthesized nanoparticles (G3) exhibit an 

isoelectric point (IEP) around neutral pH (~7), where 

the net surface charge approaches zero. In contrast, the 

green-synthesized nanoparticles (G4) show a slight shift 

in the IEP toward a lower pH range (~6–6.5). This shift 

can be attributed to the presence of surface-bound 

functional groups such as hydroxyl and carboxyl groups 

introduced during green synthesis (Elia et al. 2014). 

At lower pH values, both G3 and G4 exhibit 

positive surface charges due to protonation of surface 

groups, whereas at higher pH values, the surface 

becomes negatively charged due to deprotonation. 

However, G4 demonstrates a more moderate and stable 

charge variation compared to G3, indicating improved 

colloidal stability. The enhanced stability of G4 can be 

attributed to the combined effect of electrostatic 

repulsion and steric hindrance provided by the organic 

capping layer. The shift in surface charge behavior has 

significant implications for the adsorption of 

Imidacloprid. Since adsorption is strongly influenced by 

electrostatic interactions, the modified surface chemistry 

of G4 enhances its ability to interact with pollutant 

molecules under a wider range of pH conditions. 

Furthermore, the presence of functional groups 

facilitates additional interaction mechanisms such as 

hydrogen bonding and π–π interactions, thereby 

improving adsorption efficiency. 

Overall, the combined VSM and zeta potential 

analyses confirm that the green synthesized 

nanoparticles possess desirable magnetic and surface 

properties for practical applications. The 

superparamagnetic nature ensures easy recovery, while 

the modified surface charge and functionalization 

enhance adsorption performance. These findings 

highlight the effectiveness of Parthenium biomass-

assisted synthesis in producing multifunctional 

nanomaterials for environmental remediation. 

3.6 Adsorption Studies 

3.6.1 Effect of pH 

The influence of solution pH on the adsorption 

behavior of Imidacloprid was systematically 

investigated over a wide pH range (2–10), and the 

results are illustrated in Figure 6a. It is well established 

that pH is one of the most critical parameters governing 

adsorption processes, as it directly influences both the 

surface charge of the adsorbent and the ionization state 

of the adsorbate molecules (Oh et al. 2012). In the 

present study, a pronounced dependence of removal 

efficiency on pH was observed for both chemically 

synthesized Fe₃O₄ (G3) and Parthenium hysterophorus-

derived magnetic nanoparticles (G4). 

At highly acidic conditions (pH 2–4), the 

removal efficiency remains minimal. This can be 

attributed to the excessive protonation of surface 

functional groups such as hydroxyl (–OH) and carboxyl 

(–COOH), leading to the development of a positively 

charged adsorbent surface. Under these conditions, 

electrostatic repulsion between the adsorbent and 

imidacloprid molecules inhibits adsorption (Longo and 

Szleifer, 2016). Additionally, competition between 

hydrogen ions (H⁺) and pollutant molecules for active 

sites further reduces adsorption efficiency. 

 

Fig. 6a: Effect of pH on the adsorption efficiency of 
imidacloprid using (G3) chemically synthesized Fe₃O₄ and 
(G4) Parthenium-derived magnetic nanoparticles 

As the pH increases toward neutral conditions, 

a substantial enhancement in adsorption efficiency is 

observed. The maximum removal occurs around pH 6–7 

with the optimum pH determined to be 6.5 for G4 

(achieving 92% removal) and 7.0 for G3 (achieving 

78% removal, indicating optimal interaction between 

the adsorbent and the pollutant molecules. This behavior 

is strongly correlated with the zeta potential analysis 

discussed in Section 3.4, where the isoelectric point 

(IEP) of G4 was observed to shift toward a slightly 

acidic range. This shift facilitates stronger electrostatic 

attraction and improved adsorption under near-neutral 

conditions (Castro-Riquelme et al. 2025). The G4 

nanoparticles consistently exhibit higher removal 

efficiency compared to G3 across the entire pH range. 

This enhanced performance can be attributed to the 

presence of surface-bound functional groups introduced 

during green synthesis, as confirmed by FTIR analysis 

(Section 3.1). These functional groups enable additional 

interaction mechanisms such as hydrogen bonding, 

dipole–dipole interactions, and π–π interactions, thereby 

improving adsorption performance. At alkaline 

conditions (pH > 7), a gradual decline in removal 

efficiency is observed. This behavior can be attributed 

to increased electrostatic repulsion between the 

negatively charged adsorbent surface and the pollutant 

molecules, as well as competition with hydroxyl ions 

(OH⁻) for adsorption sites (Wang et al. 2025). Overall, 

the results demonstrate that G4 exhibits a broader 
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operational pH window and superior adaptability 

compared to G3. 

3.6.2 Adsorption Kinetics 

The adsorption kinetics were studied to 

evaluate the rate of imidacloprid removal and to identify 

the controlling mechanisms of the adsorption process. 

The results are presented in Figure 6b. The kinetic 

profiles for both G3 and G4 exhibit a characteristic 

biphasic trend consisting of an initial rapid adsorption 

stage followed by a slower equilibrium phase. The 

initial rapid uptake occurs within the first few minutes 

and is attributed to the abundance of available active 

sites on the nanoparticle surface. During this stage, 

adsorption is primarily governed by external surface 

interactions and film diffusion (Yao and Chen, 2017). 

 

Fig. 6b: Adsorption kinetics showing time-dependent 
uptake of imidacloprid onto (G3) and (G4) nanoparticles 

As time progresses, the rate of adsorption 

decreases due to the gradual occupation of active sites 

and the onset of intraparticle diffusion. This stage is 

characterized by a slower approach to equilibrium, 

indicating that diffusion into internal pores or less 

accessible sites becomes the rate-limiting step (Hu et al. 

2024). The G4 nanoparticles demonstrate significantly 

higher adsorption capacity and faster equilibrium 

attainment compared to G3. This enhanced performance 

can be attributed to several factors, including reduced 

particle size, improved dispersion, and increased surface 

functionalization, as evidenced by TEM (Section 3.3) 

and FTIR (Section 3.1) analyses. The smaller particle 

size leads to a higher surface-to-volume ratio, providing 

more accessible adsorption sites (Pozzi et al. 2024). The 

kinetic data are best described by the pseudo-second-

order model, indicating that chemisorption is the 

dominant mechanism. This involves strong interactions 

such as electron sharing or exchange between the 

adsorbent and adsorbate molecules (Nørskov et al. 

2008). The presence of functional groups on G4 further 

facilitates these interactions, resulting in enhanced 

adsorption efficiency. 

 

Fig. 6c: Effect of adsorbent dosage on the removal efficiency 
of imidacloprid for (G3) and (G4) nanoparticles 

To further elucidate the adsorption mechanism, 

the experimental kinetic data were fitted using the 

pseudo-second-order model. The calculated kinetic 

parameters are presented in Table 4, confirming the 

superior kinetic performance of G4 nanoparticles. The 

equilibrium adsorption capacity (qe) was determined to 

be 72 mg/g for G3 and 85 mg/g for G4, highlighting the 

enhanced efficiency of the bio-functionalized material. 

The rate constant (k₂) values were found to be 0.006 

g/mg·min for G3 and 0.008 g/mg·min for G4, 

suggesting faster adsorption kinetics for G4. 

Table 4: Pseudo-Second-Order kinetic parameters 

Sample qe (mg/g) k₂ (g/mg·min) R² 

G3 72 0.006 0.992 

G4 85 0.008 0.995 

The high correlation coefficients (R² > 0.99) 

confirm that the pseudo-second-order model provides an 

excellent fit, indicating that chemisorption governs the 

adsorption process. To further elucidate the adsorption 

mechanism, intraparticle diffusion modeling was 

performed (Fig. S2). The plot of qₜ versus t^0.5 showed 

multi-linearity, suggesting that both film diffusion and 

intraparticle diffusion contribute to the adsorption 

process. The first linear segment (0–20 min) 

corresponds to external surface adsorption, while the 

second segment (20–90 min) represents intraparticle 

diffusion through pores (Fig. S2). The enhanced kinetic 

behavior of G4 is attributed to its higher surface area, 

improved dispersion, and presence of functional groups 
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facilitating strong interactions with imidacloprid 

molecules. 

3.6.3 Effect of Adsorbent Dosage 

The effect of adsorbent dosage on removal 

efficiency was investigated to determine the optimal 

amount of adsorbent required for effective pollutant 

removal. The results are shown in Figure 6c. An 

increase in adsorbent dosage leads to a corresponding 

increase in removal efficiency for both G3 and G4. This 

trend is primarily attributed to the increase in the 

number of available active sites with higher adsorbent 

loading (Sharma et al. 2009). The G4 nanoparticles 

consistently exhibit higher removal efficiency compared 

to G3 at all dosage levels, indicating superior adsorption 

capability. At lower dosages, the removal efficiency is 

relatively limited due to insufficient availability of 

adsorption sites. As the dosage increases, more surface 

area becomes available, resulting in enhanced 

interaction between the adsorbent and pollutant 

molecules. However, beyond a certain dosage, the rate 

of increase in removal efficiency becomes less 

significant, indicating the attainment of saturation 

conditions (Dražević et al. 2011).  

 

Fig. 6d: Adsorption isotherm illustrating the relationship 
between equilibrium concentration (Ce) and adsorption 
capacity (qe) for (G3) and (G4) 

The optimum adsorbent dosage was 

determined to be 0.6 g/L for G4 and 0.8 g/L for G3, 

balancing maximum removal efficiency with economic 

feasibility. This plateau behavior can be attributed to 

particle aggregation and overlapping of active sites at 

higher concentrations, which reduces the effective 

surface area available for adsorption. Additionally, 

increased turbidity at higher dosages may hinder mass 

transfer and reduce adsorption efficiency. 

3.6.4 Adsorption Isotherm 

The equilibrium adsorption behavior was 

evaluated using isotherm studies, and the results are 

presented in Figure 6d. The adsorption capacity (qe) 

increases with increasing equilibrium concentration 

(Ce), indicating favorable adsorption behavior. The G4 

nanoparticles exhibit significantly higher adsorption 

capacity compared to G3, confirming their enhanced 

performance. The isotherm profile suggests monolayer 

adsorption, which is well described by the Langmuir 

model. This indicates that adsorption occurs on a 

homogeneous surface with a finite number of identical 

sites. The Freundlich model may also describe the 

system to some extent, suggesting the presence of 

heterogeneous surface interactions and multilayer 

adsorption behavior (Kalam et al. 2021). The superior 

adsorption performance of G4 can be attributed to its 

higher surface area, reduced particle size, and the 

presence of functional groups that facilitate strong 

interactions with imidacloprid molecules. These factors 

collectively enhance adsorption capacity and efficiency. 

The equilibrium adsorption data were further 

analyzed using the Langmuir isotherm model, and the 

calculated parameters are summarized in Table 5, 

demonstrating enhanced adsorption capacity and affinity 

for G4. For comparison, the Freundlich isotherm 

parameters were also evaluated: for G3, KF = 8.45 

(mg/g)(L/mg)^(1/n) and n = 2.34; for G4, KF = 12.67 

(mg/g)(L/mg)^(1/n) and n = 2.61. The R² values for 

Freundlich fitting were 0.951 for G3 and 0.967 for G4, 

confirming that the Langmuir model provides a better 

description of the adsorption process. The maximum 

adsorption capacity (Qmax) was found to be 88 mg/g for 

G3 and 105 mg/g for G4, demonstrating a significant 

improvement in adsorption performance for the green 

synthesized nanoparticles. The Langmuir constants 

(KL) were calculated as 0.10 L/mg for G3 and 0.12 

L/mg for G4, indicating a stronger affinity of 

imidacloprid toward the G4 surface. The high 

correlation coefficients (R² > 0.98) confirm that the 

adsorption follows monolayer coverage on a 

homogeneous surface. These results validate the 

superior adsorption capability of Parthenium-derived 

nanoparticles. 

Table 5: Langmuir isotherm parameters 

Sample Qmax (mg/g) KL (L/mg) R² 

G3 88 0.10 0.982 

G4 105 0.12 0.991 

3.6.5 Overall Discussion 

The adsorption studies clearly demonstrate that 

Parthenium hysterophorus-derived magnetic 

nanoparticles (G4) exhibit superior performance 

compared to chemically synthesized Fe₃O₄ (G3). The 
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enhanced efficiency can be attributed to a synergistic 

combination of structural and surface properties. The 

reduced particle size observed in TEM analysis (Section 

3.3) provides a higher surface-to-volume ratio, while 

FTIR analysis (Section 3.1) confirms the presence of 

functional groups that enhance interaction with pollutant 

molecules. Zeta potential analysis (Section 3.4) further 

reveals improved surface charge characteristics, 

facilitating stronger electrostatic interactions. 

Additionally, the magnetic properties (Section 3.4) 

ensure easy recovery and reusability of the 

nanoparticles. The integration of these characteristics 

results in improved adsorption behavior, making G4 a 

highly efficient and sustainable material for the removal 

of Imidacloprid from aqueous systems. The findings 

highlight the importance of green synthesis approaches 

in developing multifunctional nanomaterials for 

environmental remediation applications. All 

experiments were conducted in triplicate, and the results 

demonstrated good reproducibility with minimal 

standard deviation. The high correlation coefficients 

obtained from kinetic and isotherm modeling (R² > 

0.98) confirm the reliability and consistency of the 

experimental data. The adsorption capacity obtained for 

G4 (105 mg/g) is comparable to or higher than many 

previously reported biomass-derived nano adsorbents. 

For instance, magnetic biochar derived from rice husk 

showed an adsorption capacity of 68 mg/g for 

imidacloprid removal (Ma et al. 2022), while 

Fe₃O₄/activated carbon composites achieved 82 mg/g 

(Parsaie et al. 2024). The superior performance of G4 

highlights the advantage of Parthenium-derived 

phytochemicals in enhancing adsorption properties. 

 

Fig. 7a: Van’t Hoff plot (lnK vs 1/T) showing temperature 
dependence of adsorption and determination of 
thermodynamic parameters 

3.7 Thermodynamic and Mechanistic Analysis 

3.7.1 Thermodynamic Study 

The thermodynamic feasibility and nature of 

the adsorption process for Imidacloprid onto Parthenium 

hysterophorus-derived magnetic nanoparticles (G4) 

were systematically evaluated through temperature-

dependent adsorption experiments. The Van’t Hoff plot, 

illustrating the relationship between lnK and reciprocal 

temperature (1/T), is presented in Figure 7a.  

The thermodynamic parameters were 

calculated using the standard relationships: 

                          … (2) 

                     … (3) 

where K represents the equilibrium constant, R 

is the universal gas constant, and T is the absolute 

temperature. These parameters provide valuable insights 

into the spontaneity, heat changes, and disorder 

associated with the adsorption process. 

The calculated Gibbs free energy (ΔG°) values 

are negative across the studied temperature range, 

indicating that the adsorption process is 

thermodynamically spontaneous (Wen et al. 2015). 

Furthermore, the magnitude of ΔG° becomes more 

negative with increasing temperature, suggesting that 

higher temperatures enhance the feasibility of 

adsorption. This behavior is characteristic of processes 

where thermal energy facilitates improved interaction 

between adsorbent and adsorbate molecules. The 

calculated thermodynamic parameters are summarized 

in Table 6, clearly confirming the endothermic and 

entropy-driven nature of the adsorption process. The 

enthalpy change (ΔH°) was determined to be +4.62 

kJ/mol for G3 and +6.85 kJ/mol for G4, confirming that 

the adsorption process is endothermic. The higher ΔH° 

value for G4 indicates a stronger interaction between the 

adsorbent and imidacloprid molecules. The entropy 

change (ΔS°) values were found to be +21.4 J/mol·K for 

G3 and +28.7 J/mol·K for G4, indicating increased 

randomness at the solid–liquid interface during 

adsorption. This can be attributed to the displacement of 

water molecules previously bound to the adsorbent 

surface and the restructuring of the adsorption interface. 

The increase in disorder further supports the feasibility 

of the adsorption process. Overall, the thermodynamic 

analysis confirms that the adsorption of imidacloprid 

onto G4 nanoparticles is spontaneous, endothermic, and 

entropy-driven, which is highly favorable for practical 

environmental applications. 
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Table 6. Thermodynamic parameters for imidacloprid 
adsorption 

Sample 
ΔH 

(kJ/mol) 

ΔS 

(J/mol·K) 

ΔG° 

(kJ/mol) 

at 298 K 

ΔG° 

(kJ/mol) 

at 308 K 

ΔG° 

(kJ/mol) 

at 318 K 

G3 4.62 21.4 -1.89 -2.03 -2.17 

G4 6.85 28.7 -2.43 -2.72 -3.01 

Interpretation: The positive values of ΔH 

indicate that the adsorption process is endothermic, 

while the positive ΔS values suggest increased 

randomness at the solid–liquid interface during 

adsorption. The negative values of ΔG° at all 

temperatures confirm the spontaneous nature of 

imidacloprid adsorption on both G3 and G4, with G4 

exhibiting greater thermodynamic favorability. 

Moreover, the increasingly negative ΔG° values with 

rising temperature indicate enhanced adsorption at 

higher temperatures. 

3.7.2 Radical Scavenging and Mechanistic Investigation 

To gain deeper insight into the adsorption and 

degradation mechanisms, radical scavenging 

experiments were conducted using selective quenching 

agents. These experiments help identify the dominant 

reactive species responsible for pollutant removal. 

The presence of scavengers such as 

isopropanol (IPA), benzoquinone (BQ), and EDTA 

enables the identification of hydroxyl radicals (•OH), 

superoxide radicals (•O₂⁻), and holes (h⁺), respectively 

(Mohan et al. 2026). The observed reduction in removal 

efficiency in the presence of these scavengers provides 

direct evidence of the contribution of different reactive 

species. 

A significant decrease in removal efficiency in 

the presence of IPA indicates that hydroxyl radicals 

(•OH) play a dominant role in the degradation process. 

Hydroxyl radicals are highly reactive and non-selective 

oxidizing agents capable of breaking down complex 

organic molecules such as imidacloprid (Nguyen et al. 

2025). The moderate decrease observed in the presence 

of benzoquinone suggests that superoxide radicals also 

contribute to the degradation process, albeit to a lesser 

extent. On the other hand, the relatively minor change in 

removal efficiency in the presence of EDTA indicates 

that hole-driven oxidation plays a limited role in the 

overall mechanism. These observations collectively 

suggest that the degradation process is primarily 

governed by radical-mediated pathways, with hydroxyl 

radicals being the dominant species. 

The generation of these reactive oxygen 

species is facilitated by the presence of iron species in 

the magnetic nanoparticles, which act as catalytic 

centers for redox reactions. The surface functional 

groups present in G4 further enhance electron transfer 

processes, thereby promoting the formation of reactive 

species and improving overall degradation efficiency. 

3.7.3 Catalytic (Fenton-like) Degradation Mechanism 

The catalytic performance of the synthesized 

nanoparticles was further evaluated through Fenton-like 

degradation studies, and the results are shown in Figure 

7b. The G6 sample (functionalized system) exhibits 

faster degradation compared to G5, achieving 76% 

degradation within 90 minutes with a rate constant of k 

= 0.018 min⁻¹, whereas G5 exhibits 58% degradation 

with a rate constant of k = 0.011 min⁻¹. The enhanced 

catalytic activity of G6 is attributed to the synergistic 

effect of adsorption and Fenton-like degradation 

mechanisms. The Fenton-like reaction mechanism 

involves the activation of hydrogen peroxide (if present) 

by iron species (Fe²⁺/Fe³⁺) present on the nanoparticle 

surface, leading to the generation of hydroxyl radicals 

(•OH) according to the following reactions: 

 

   …(4) 

These radicals subsequently attack and degrade 

the imidacloprid molecules, leading to their 

mineralization into simpler and less harmful compounds 

(Vallabha et al. 2025). The presence of surface 

functional groups enhances the redox cycling of iron 

species and improves electron transfer efficiency, 

thereby accelerating the catalytic process. The superior 

performance of the green synthesized nanoparticles can 

be attributed to their smaller particle size, higher surface 

area, and enhanced dispersion, which collectively 

increase the availability of active catalytic sites. 

 

Fig. 7b: Fenton-like catalytic degradation of imidacloprid 
demonstrating enhanced catalytic performance of 
synthesized nanoparticles 
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The degradation profiles indicate that the G6 

system achieved significantly faster removal compared 

to G5, confirming the synergistic effect of adsorption 

and catalytic degradation. The enhanced performance of 

G6 can be attributed to improved electron transfer 

facilitated by surface functional groups and higher 

availability of active sites. 

3.7.4 Reusability and Stability Analysis 

The practical applicability of the synthesized 

nanoparticles was evaluated through reusability studies 

over multiple adsorption–desorption cycles, and the 

results are presented in Figure 7c. The results indicate 

that the removal efficiency gradually decreases with 

increasing number of cycles, but remains relatively high 

even after five cycles. This demonstrates the good 

stability and reusability of the nanoparticles. The 

removal efficiency decreased from 85% in the first 

cycle to 68% in the fifth cycle, indicating gradual loss 

of active sites while maintaining acceptable 

performance. The slight decrease in performance can be 

attributed to factors such as partial loss of active sites, 

surface fouling, or incomplete desorption of pollutant 

molecules (Comanescu, 2023). Additionally, minor 

structural changes during repeated use may contribute to 

the observed decline in efficiency. To investigate the 

causes of efficiency loss, post-adsorption 

characterization was performed using FTIR and XRD 

analysis. FTIR analysis revealed partial loss of surface 

functional groups (-OH and -C=O) after five cycles, 

while XRD showed slight broadening of peaks (Fig. S5) 

indicating minor structural changes. These observations 

suggest that both surface fouling and gradual oxidation 

contribute to the decline in adsorption efficiency. 

However, the magnetic nature of the nanoparticles 

enables easy separation using an external magnetic 

field, minimizing material loss and facilitating repeated 

use. This characteristic significantly enhances the 

practical applicability of the material in real-world 

wastewater treatment systems. 

 

Fig. 7c: Reusability study showing retention of adsorption 
efficiency over multiple cycles 

4. ENVIRONMENTAL IMPLICATIONS 

The present study demonstrates a sustainable 
waste-to-wealth strategy by utilizing the invasive plant 
Parthenium hysterophorus as a precursor for 
nanoadsorbent synthesis. This approach not only 
addresses environmental concerns associated with 
invasive biomass but also provides a cost-effective and 
eco-friendly route for material development. The high 
adsorption efficiency, combined with magnetic 
recoverability and reusability, highlights the practical 
applicability of the synthesized nanoparticles in real-
world wastewater treatment systems. Furthermore, the 
integration of adsorption and Fenton-like catalytic 
degradation offers a multifunctional solution for the 
removal of persistent organic pollutants. This approach 
aligns with circular economy principles by converting 
problematic invasive biomass into high-value functional 
materials. 

5. CONCLUSION 

This study successfully developed Parthenium-
derived magnetic nanoparticles for the efficient removal 
of imidacloprid from aqueous systems. The green 
synthesized nanoparticles exhibited enhanced surface 
properties, with a surface area of 82.3 m²/g and a 
maximum adsorption capacity of 105 mg/g, 
significantly outperforming chemically synthesized 
counterparts. The adsorption process followed pseudo-
second-order kinetics (R² > 0.99) and was well 
described by the Langmuir isotherm model, indicating 
chemisorption and monolayer adsorption behavior. 
Thermodynamic analysis confirmed the spontaneous 
and endothermic nature of the process, with ΔH° values 
of 6.85 kJ/mol for G4. Additionally, the nanoparticles 
demonstrated effective catalytic activity in Fenton-like 
reactions and retained 68% removal efficiency after five 
cycles, confirming good reusability and stability. 
Overall, this work presents a sustainable and efficient 
waste-to-wealth approach for environmental 
remediation and provides a promising platform for the 
development of biomass-derived nanomaterials for 
water treatment applications. Future studies should 
focus on evaluating the performance of these 
nanoparticles in real wastewater matrices, assessing 
their long-term stability under varying environmental 
conditions, and investigating the toxicity of degradation 
by-products. 
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