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Soil contamination by heavy metals, particularly lead (Pb), represents a critical environmental challenge that affects the quality of soils and agricultural ecosystems worldwide. This problem, caused mainly by human activities such as mining, the metallurgical industry, and inadequate waste management, has led to the accumulation of lead in the soil, reaching toxic levels that threaten human health and biodiversity. In response to this problem, nanotechnology has emerged as an innovative solution, highlighting the use of iron nanoparticles. The objective of the research was to evaluate the adsorption of Pb from soil (contaminated at a concentration of 10 mg/kg) using Fe nanoparticles obtained through green chemistry, analyzing the influence of pH (3, 4, and 6) and temperature (15, 30, and 45 °C) on the process. Fe nanoparticles were used according to a 3k factorial design. In this research, a 99.8% adsorption rate of Pb was achieved at a pH of 4 and temperatures between 15 and 45°C. Finally, it is established that the use of iron nanoparticles, obtained through green chemistry, is an alternative for the remediation of lead-contaminated soils, as it is an efficient, rapid, and environmentally friendly solution, representing a significant advance in the remediation of contaminated soils. Furthermore, nanoparticles have the advantage of being easily integrated with other bioremediation techniques.

Introduction
Soils contaminated with heavy metals, such as lead, cadmium, and arsenic, represent a global challenge due to their significant toxicity, persistence, and bioaccumulation in organisms. Therefore, various soil remediation methods have been established, each with operational, economic, and environmental advantages and disadvantages. Given this, nanotechnology is emerging as an innovative technology with highly efficient and environmentally friendly approaches for the remediation of contaminated soils (Dhanapal et al., 2024).
Nanoremediation has been demonstrated to be effective in the adsorption of metal compounds, with an efficiency of up to 82% in chromium-contaminated soils. Furthermore, this methodology has been found to increase phytoremediation efficiency by 30% to 40% when enzyme stimulation is used (Mathur et al., 2022). This technology, used alongside other traditional technologies, offers a sustainable approach to restoring contaminated soils, especially agricultural soils, but research is still needed to optimize dosages and assess the potential long-term effects of nanomaterials on ecosystems (Gong et al., 2018).
In the case of lead-contaminated soils, the use of Fe nanoparticles to reduce lead in soil and modify its toxicity in the environment has already been investigated (Arancibia-Miranda et al., 2014), but nanoparticles synthesized from plant extracts have other special characteristics. However, the production method and applications have not yet been studied or optimized; for example, the critical aspects requiring optimization are efficacy and stability, as bionanoparticles can be unstable under certain environmental conditions, rendering them ineffective in the long term. It is also necessary to optimize the distribution and uniform penetration of nanoparticles into the soil, which is important, considering the soil structure that can limit their mobility, as well as the presence of other contaminants that can hinder access to more contaminated areas (Mathur et al., 2022), without forgetting that bionanoparticles can react with clays and organic matter, decreasing their efficiency or generating unwanted products (Medina-Pérez et al., 2018; Medina M et al., 2015).
Studies on the remediation of lead-contaminated soils have yielded promising results, such as: through the use of hydroxyapatite nanoparticles, Pb was immobilized in the soil, reducing its availability and mobility to promote plant growth and prevent its entry into the food chain (Lago-Vila et al., 2019); With iron nanoparticles, such as magnetite (Fe₃O₄) and hematite, soils and water containing lead were remediated with high removal efficiency at acidic pH (Singh et al., 2021); Furthermore, with iron nanoparticles synthesized through green chemistry, lead toxicity in rice and corn plants was mitigated, improving their growth and reducing oxidative stress (Maryam et al., 2024); Using zero-valent iron nanoparticles, good results were obtained in reducing Pb bioavailability in the soil, facilitating the planting of Persian maple and Tagetes erect species, improving their growth and efficiency in Pb uptake (Arora et al., 2023). Studies have also shown that nanoparticles synergize with cellulosic waste in reducing the bioavailability of heavy metals such as lead and cadmium (Tafazoli et al., 2017). The mechanism of action of Fe nanoparticles in this bioremediation process is based on the adsorption of Pb ions. Furthermore, antioxidant activity in plants can be enhanced by reducing the oxidative damage caused by Pb, which improves plant growth under Pb stress conditions (Salmen and Alharbi, 2024). The advantages of using nanoparticles to achieve high efficiency in soil and water treatment lie in their high surface area-to-volume ratio, which improves the adsorption capacity and removal efficiency of heavy metals such as Pb from the soil (Castañeda-Olivera et al., 2023; Ali et al., 2024). Another advantage is that, since the nanoparticles obtained are environmentally friendly, the treatment is sustainable and environmentally friendly, as no harmful chemicals are introduced into the soil (Thilakan et al., 2022). Soil remediation with bionanoparticles also offers a certain advantage in terms of cost-effectiveness, which in the long term translates into an effective reduction in lead toxicity and improved soil health (Ali et al., 2024). In this context, given the environmental problems of many soils used for agricultural activities, currently contaminated by the use of chemicals containing heavy metals, including lead (Pb), the research aimed to determine the percentage of lead adsorption efficiency in agricultural soil samples using bionanoparticles obtained through synthesis with plant extract (quinoa). This process included tests at three different pH levels and temperatures.

1. Methodology
The biosynthesis of Fe nanoparticles was carried out with quinoa leaf extract. 100 mL of FeCl3 (0.1 M) was added to a 250 mL Erlenmeyer flask, followed by the addition of quinoa leaf extract dropwise in a 1:1 ratio until a color change from yellow to black was observed. The resulting solution was pH-corrected to 4 with NaOH solution (0.1 M). The formation of a black precipitate was indicative of the formation of Fe nanoparticles. The solution was centrifuged at 10,000 rpm for 10 minutes and washed with an acetone-alcohol mixture (50% v/v). The solid obtained was dried at 50°C for 24 hours, yielding shiny black nanoparticles. The Fe bionanoparticles were characterized in size by Transmission Electron Microscopy (TEM) and the functional groups present were evaluated by Fourier Transform Infrared (FTIR) spectra.

2. Treatment Process
The treatment followed the process indicated in Figure 1.
The laboratory procedure consisted of taking nine 2-g samples of lead-contaminated soil (at a Pb concentration of 10 ppm), which were placed in nine beakers. Nanoparticles were then added to each sample at a dose of 0.2 g and 100 mL of distilled water.
For the study, the pH of the solution was adjusted to 2 in three beakers, to 4 in three others, and to 6 in the remaining three by adding nitric acid solution (0.1 M) and sodium hydroxide (0.1 M). In the same system, the temperature of each group of three beakers was controlled, maintaining it at 15, 30, and 45°C, respectively. Each sample was treated with stirring at 170 rpm for 30 minutes. It is worth noting that the research aimed to evaluate the optimal pH conditions (2, 4, 6) under which Fe nanoparticles could exhibit adsorption, since it is at acidic pH that greater mobility and bioavailability of lead in the soil is observed. Finally, the nine treated solutions were subjected to filtration to separate the treated soil from the solution water. The treated soil was subsequently analyzed for lead.
[image: ]
                                    Figure 1: Treatment process
The treated soil was subjected to inductively coupled plasma mass spectrometry (ICP-MS) analysis to quantify lead concentrations (in triplicate).
2. Results and Discussion
After sample evaluation, the following were determined:
2.1 Initial lead concentration and concentration after treatment with Fe bionanoparticles
Before and after treatments (T1, T2, T3, T4, T5, T6, T7, T8, and T9) of the lead-contaminated soil with iron nanoparticles, the soil had the lead concentration shown in Table 1. It was determined that, at pH 4, the percentage of lead adsorption is higher at temperatures of 15, 30, and 45°C.
This result establishes that the biosynthesized iron nanoparticles present significant advantages due to their high reactivity thanks to their large surface area (1 nm to 50 nm) determined by TEM, their ability to act as reducing and adsorbent agents, and their improved biocompatibility thanks to their coating with natural phenolic compounds identified by FTIR which demonstrated the presence of hydroxyl radicals (OH-) due to the stretching band of 3227.46 nm-1. Given these results, Vasquez Guerrero, et al., (2021) states that the presence of OH- ions on the surface of the nanoparticles allows the adsorption of metals, which occurs due to weak Van der Waals interactions (physisorption) or the formation of chemical bonds (chemisorption) between two compounds present (adsorbate and adsorbent) (Méndez, et al., 2019).
Table 1: Initial and final Pb concentration of the treated soil
	Treatment
	pH
	Temperature (°C)
	Initial Pb concentration (ppm)
	Final Pb concentration (ppm)

	T1
	2
	15
	10
	0.45

	T2
	4
	15
	10
	0.02

	T3
	6
	15
	10
	0.03

	T4
	2
	30
	10
	0.47

	T5
	4
	30
	10
	0.26

	T6
	6
	30
	10
	0.04

	T7
	2
	45
	10
	0.24

	T8
	4
	45
	10
	0.02

	T9
	6
	45
	10
	0.03



2.2. Percentage of Pb adsorption by NpFe
[bookmark: _Hlk193982785]The values shown in Table 2 indicate a reduction range of 95.3 to 99.8% maximum in lead concentration in contaminated soils when using Fe bionanoparticles. This leads to a lead adsorption mechanism by iron nanoparticles (FeNPs) due to the presence of electrostatic charges between these nanoparticles and the lead, resulting in a reduction in the concentration of this metal in the contaminated soil.
Research indicates that the nanoparticles achieved a lead removal efficiency greater than 80% and are the most studied for the remediation of soils contaminated with heavy metals, such as cadmium (Cd), which was 100% removed (Andrade-Zavaleta et al., 2022). Wang et al. (2014) also confirm that the adsorption capacity is due to the presence of organic functional groups on the plant extract nanoparticles. The other important feature is the surface area of the nanoparticles, which increases the reaction rate (Mazarji et al., 2021), as well as the adsorption efficiency of the nanoparticles (Essien et al., 2021).
Table 2: Percentage of Fe adsorption by NpFe
	Treatment
	pH
	Temperature (°C)
	 % adsorption at equilibrium


	T1
	2
	15
	95.5

	T2
	4
	15
	99.8

	T3
	6
	15
	99.7

	T4
	2
	30
	95.3

	T5
	4
	30
	97.4

	T6
	6
	30
	99.6

	T7
	2
	45
	97.6

	T8
	4
	45
	99.8

	T9
	6
	45
	99.7



When analyzing the pH of the treatments, it is observed that the highest Pb removal rate, up to 99.8%, was obtained at pH = 4 (Figure 2), therefore Shahwan et al. (2011) stated that pH is one of the most important factors in the adsorption processes, since it promotes the solubility of the metal and generates the formation of hydroxyl radicals in the nanoparticles. Both processes allow the metal to bind to the surface of the nanoparticle through electrostatic interaction (Yang et al., 2019).

               Figura 2: Graphs adsorption trends as a function of pH and temperature

Statistical analysis of variance (ANOVA) showed that pH is a significant factor (p-value of 0.0138 < 0.05), see Table 3. The adsorption mechanisms of lead on the surface of Fe nanoparticles biosynthesized with quinoa leaf extract are due to the presence of carboxyl (-COOH) and hydroxyl (-OH) functional groups from the phenolic compounds of quinoa (identified by FTIR). The functional groups present on the surface of the nanoparticles are negatively charged in acidic media, while lead undergoes protonation (Dobrosz-Gómez et al., 2018), causing a union between them by means of electrostatic interactions (Arshadi et al., 2014), leading to the formation of chelating agents. This result is similar to that obtained by Pavan Kumar et al. (2020), in whose study he used nanoparticles biosynthesized with M. olifeira at pH = 5 and was able to reduce the Pb concentration through adsorption processes.
Table 3: Analysis of variance of pH and temperature of the Pb adsorption process
	Source of variation
	Degrees of Freedom
	Sum of Squares
	Mean Square
	Value-F
	p-value (PR(>F))

	p H
	1
	4.797204
	4.797204
	27.06694
	0.0138

	Temperature
	1
	0.165668
	0.16566
	0.93473
	0.404951

	pH2
	1
	0.64942
	0.64942
	3.664179
	0.151498

	Temperature2
	1
	0.796743
	0.796743
	4.495408
	0.124154

	pH: temperature
	1
	0.25
	0.25
	1.410558
	0.320428

	Residual
	3
	0.531704
	0.177235
	---
	---



Regarding temperature, variable results were obtained at the three controlled values (15, 30, and 45 °C), indicating that its influence was relative and without significant effects (see the statistical result in Table 3). This result is consistent with the research by Al-Senani and Al-Fawzan (2018), who found adsorption percentages between 25 and 60 °C, and indicate that adsorption is due to the nature of the adsorbent molecules and not to temperature. This indicates that temperature is likely to produce an increase in active sites with greater interaction strength between the adsorbent and the adsorbate, but that it may favor the diffusion of the adsorbate into the solution and decrease adsorption (Eduardo-Román, 2021). In an investigation on mercury adsorption with copper nanoparticles, it was reported that increasing the temperature resulted in lower adsorption, which infers that mercury diffusion for adsorption occurred at low temperature, the optimum temperature in this case being 20 °C (Fakhri, 2015).
Conclusions
Calculations show that nanoparticles synthesized from plant extract increase the percentage of lead adsorption by up to 99.8% in agricultural soil contaminated with this heavy metal. This result was obtained at a pH of 4 and temperatures ranging from 15 to 45°C. pH is determined to be a fundamental and significant parameter in the lead adsorption process in soils. Furthermore, it was developed that the special characteristics of iron bionanoparticles, which present organic functional groups, promote greater lead adsorption efficiency. Therefore, from an environmental perspective, bionanoparticles stand out for their low residual toxicity and ecological compatibility, unlike other chemical polluting methods. However, further research is required to determine whether they significantly alter some soil properties such as pH, as well as whether they promote plant growth. It was primarily determined that their use immobilizes metals in the soil matrix, limiting the side effects on ecosystems.
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