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Abstract: Water pollution represents a critical global challenge affecting human health and natural 

ecosystems. Among the most hazardous contaminants are heavy metals, particularly arsenic (As), 

which is frequently detected at elevated concentrations in water bodies as a consequence of 

anthropogenic activities such as agriculture, mining, and metallurgical processes. In this study, 

magnetic iron oxide nanoparticles synthesized via a green route using tangerine (Citrus reticulata) 

peel extract (FeNPs-CR) were developed and evaluated for As removal from aqueous solutions. The 

nanoparticles were synthesized through a coprecipitation method employing 75 g of pulverized peel 

extract and characterized by scanning electron microscopy (SEM), FT-IR spectroscopy, UV–Vis 

spectroscopy, and dynamic light scattering (DLS). SEM analysis revealed quasi-spherical particles 

with primary sizes ranging from 70 to 300 nm, while DLS measurements indicated larger 
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hydrodynamic diameters due to particle agglomeration in aqueous media. Adsorption experiments 

were conducted using hydride generation atomic absorption spectroscopy, evaluating the effects of 

contact time, adsorbent dosage, pH, temperature, and initial As concentration. Removal efficiencies 

exceeding 99% were achieved at 20 mg/L As within 10–30 min, while concentrations of 50–120 mg/L 

showed removal efficiencies above 95%. Adsorption kinetics were best described by the pseudo-

second-order model, indicating a physicochemical adsorption mechanism. Equilibrium data were 

better fitted by the Freundlich isotherm (R² = 0.97), suggesting heterogeneous multilayer adsorption, 

with a maximum adsorption capacity (qmax) of 227.27 mg/g. Thermodynamic analysis revealed 

negative Gibbs free energy (ΔG° = −7.66 to −11.14 kJ/mol), confirming the spontaneous and 

exothermic nature of the adsorption process. Optimal performance was observed under acidic 

conditions (pH 1–3) and temperatures below 35 °C. These findings demonstrated that FeNPs-CR 

synthesized from citrus waste constitute an efficient, sustainable, and low-cost adsorbent for As 

removal, with promising potential for large-scale water treatment applications. 
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adsorption isotherms; adsorption kinetics; water treatment 

 

Highlights 

 Iron oxide nanoparticles were synthesized using Citrus reticulata extract via a green 

synthesis approach. 

 FeNPs-CR exhibited high arsenic removal efficiency (> 97%) across a wide concentration range. 

 A maximum adsorption capacity (qmax) of 227.27 mg/g was achieved, indicating strong 

adsorption potential. 

 The adsorption process reached equilibrium within 10 minutes and was governed by a 

combined mechanism of surface complexation and electrostatic attraction. 

1. Introduction  

Water contamination by As constitutes a serious global environmental and public health problem 

due to its high toxicity, persistence, and widespread occurrence in natural and anthropogenic water 

sources [1,2]. As is introduced into aquatic environments through geogenic processes, such as mineral 

weathering and geothermal activity, and anthropogenic sources, including mining operations, 

metallurgical industries, intensive agricultural practices, fossil fuel combustion, and improper disposal 

of industrial effluents [1]. Once released, As can persist in groundwater and surface waters, facilitating 

its incorporation into drinking water supplies and agricultural soils [2]. Chronic exposure to As has 

been associated with severe health effects, including carcinogenesis, cardiovascular and neurological 

disorders, hypertension, melanosis, and developmental impairments [3]. Furthermore, its accumulation 

in aquatic and terrestrial ecosystems reduces biodiversity, degrades soil quality, and compromises food 

security [4]. Consequently, the development of efficient, sustainable, and cost-effective technologies 

for As removal remains a critical scientific and public health priority. 

Despite extensive research efforts, As remediation remains technically challenging due to its 

complex aqueous chemistry and stringent regulatory limits. As is considered a potent toxicant even at 

very low concentrations, with guideline values for drinking water established at 10 μg/L by the World 
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Health Organization (WHO), while concentrations in waters impacted by mining activities can reach tens 

to hundreds of μg/L or even mg/L levels [5,6]. The coexistence of arsenite [As(III)] and arsenate [As(V)] 

species further complicates treatment strategies, as As(III) is electrically neutral at near-neutral pH, 

more mobile, and significantly more toxic, making it difficult to remove through conventional 

adsorption and coagulation processes [7]. Likewise, in natural and industrial waters, the presence of 

competing anions such as phosphate, silicate, and carbonate can substantially reduce As removal 

efficiency by occupying active adsorption sites [8]. These challenges highlight the need to develop 

treatment technologies that combine high efficiency, selectivity, and operational robustness under 

environmentally relevant conditions. 

Nanotechnology has enabled significant advances in environmental remediation owing to the 

unique physicochemical properties of nanomaterials, such as high surface area, enhanced reactivity, 

and tunable surface chemistry [9]. Nanomaterials can be broadly classified into naturally occurring 

nanoparticles and engineered nanomaterials, the latter being intentionally synthesized with controlled 

size, morphology, and surface functionality [10,11]. Among engineered nanomaterials, iron-based 

nanoparticles have attracted considerable attention for water treatment applications because of their 

strong affinity toward toxic metal ions, magnetic separability, chemical stability, and relatively low 

production cost [12].  

Magnetite nanoparticles (Fe₃O₄) have gained relevance in nanotechnology due to properties such 

as superparamagnetism, high surface area, chemical stability, biocompatibility, high adsorption 

capacity, and low human toxicity, which has driven their application in environmental engineering, 

biomedicine, and waste treatment [12,13]. Despite these advantages, the performance of iron oxide 

nanoparticles can be limited by aggregation phenomena and challenges associated with post-treatment 

recovery [14]. To address these limitations, surface modification and stabilization strategies have been 

explored, including the use of environmentally friendly synthesis routes. In this context, green 

synthesis methods based on plant extracts have gained increasing attention as sustainable alternatives 

to conventional chemical approaches, as they reduce the use of hazardous reagents, lower energy 

consumption, and minimize secondary environmental impacts [15]. Biomolecules present in plant 

extracts, such as polyphenols, flavonoids, polysaccharides, and organic acids, can play multiple roles 

during nanoparticle formation, acting as reducing, stabilizing, and capping agents that influence 

particle growth and surface properties [16]. 

Citrus fruit residues, including tangerine peels, represent an abundant agro-industrial waste rich 

in phenolic compounds, pectin, cellulose, and other functional biomolecules capable of interacting 

with metal ions [17,18]. In Ecuador, tangerine peel derived from Citrus reticulata constitutes an 

underutilized biomass resource with high potential for waste valorization. In particular, the chemical 

composition of tangerine peel extract, rich in hydroxyl (–OH) and carboxyl (–COOH/–COO⁻) 

functional groups, enables its use as a green synthesis medium by complexing Fe²⁺/Fe³⁺ species, 

thereby modulating nanoparticle nucleation and growth, while the resulting organic surface coating 

contributes to partial colloidal stabilization through steric and electrostatic effects and provides 

additional active sites that enhance the adsorption capacity toward As species [19–22]. Furthermore, 

the incorporation of these surface functionalities into iron oxide nanoparticles reduces their surface 

energy, influences agglomeration processes in aqueous suspension, and provides additional active sites 

that promote chemical and electrostatic interactions with ionic species such as As, directly contributing 

to the adsorptive performance of the material [23]. 

Therefore, our objectives of this study are: (i) To synthesize iron oxide nanoparticles via a green 

route using Citrus reticulata peel extract; (ii) to evaluate the removal of As from aqueous solutions 

under different operational conditions, including contact time, pH, adsorbent dosage, initial As 
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concentration, and temperature; and (iii) to investigate the adsorption kinetics, equilibrium isotherms, 

and thermodynamic behavior of the process. The practical relevance of this work is supported by the 

use of water samples representative of mining-influenced environments, including those collected 

from the Zaruma mining district (Ecuador), where legal and informal artisanal mining activities may 

contribute to the mobilization of metal species into surrounding water bodies. Through this integrated 

approach, we aim to address challenges associated with the development of sustainable, low-cost, and 

magnetically recoverable nanomaterials for As remediation under environmentally relevant conditions. 

2. Methodology 

2.1. Reagents and materials  

Ferrous chloride tetrahydrate (FeCl₂·4H₂O) was obtained from LOBA Chemie Pvt. Ltd., while 

ferric chloride hexahydrate (FeCl₃·6H₂O), sodium hydroxide (NaOH), potassium iodide, and ascorbic 

acid were purchased from ISOLAB Laborgeräte GmbH (Wertheim, Germany). A certified arsenic 

standard solution (1000 mg/L) was obtained from AccuStandard (New Haven, Connecticut, USA). All 

chemicals and solvents used in this study were of analytical grade and were used without further 

purification. Milli-Q water (resistivity: 18.2 MΩ·cm at 298 K) was used to prepare all solutions. 

2.2. Obtaining and preparing the sample 

Tangerine peel samples were obtained from the El Mirador nursery in the Patate canton, 

Ecuador (1°19′42.6″ S, 78°31′48.5″ W). Since only the peel was used, the samples were manually 

selected and cleaned to remove dust and plant debris that could cause cross-contamination. The sample 

preparation procedure consisted of washing, drying, and grinding steps. Initially, twelve tangerines 

were selected, washed with running tap water, and subsequently rinsed with distilled water. The fruits 

were then peeled, carefully removing the mesocarp and the white fibrous layer located between the 

peel and the pulp. The collected peels were placed in aluminum trays and air-dried at room temperature 

for three weeks. After air drying, the peels were transferred to an electric dehydrator and dried at 40°C 

for 24 h. In the second and third batches, additional sets of twelve tangerine peels were dehydrated in 

an electric dehydrator for two consecutive days at a constant temperature of 30°C. This temperature 

was selected to simulate maximum ambient conditions and to preserve the antioxidant properties of 

the peels. Finally, the dried peels were crushed using a mortar and pestle and further pulverized into a 

fine powder, preparing the material for subsequent use [24,25]. 

2.3. Obtaining the aqueous extract of Citrus Reticulata 

To prepare the extract from dried and pulverized tangerine peels (Citrus reticulata), an 

experimental protocol adapted from the literature was followed [26]. A total of 500 mL of distilled 

water was added to a 600 mL flask and heated on a hot plate until reaching 80°C. Subsequently, 25 g 

of powdered tangerine peel were added to the flask. The mixture was maintained at 80°C under 

continuous boiling for 15 min. After heating, the flask was removed from the hot plate and allowed to 

cool to room temperature. The resulting solution was filtered using filter paper with a pore size of 0.45 

μm, and the obtained extract was transferred to a suitable container for storage. The same procedure 

was repeated using increased amounts of tangerine peel powder (50 g and 75 g), employing identical 

experimental conditions. The resulting extracts were labeled as M1, M2, and M3, corresponding to 
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peel masses of 25 g, 50 g, and 75 g, respectively. 

2.4. Synthesis of nanoparticles 

The coprecipitation method was used to synthesize particles, including two iron salts, iron 

chloride (II) tetrahydrate (FeCl2
.4H2O), and iron chloride (III) hexahydrate (FeCl3.H2O), in 

proportions of 0.47 g and 1.14 g, respectively, dissolved in 100 ml of deionized water. Of this solution, 

100 ml was taken, and 0.4 ml of the previously obtained mandarin peel extract was slowly added and 

mixed, ensuring a homogeneous mixture. To adjust the pH, a 1 M sodium hydroxide (NaOH) solution 

was used, adding it drop by drop until a pH of 10 was reached, maintaining constant stirring for 20 

min. The resulting particles were allowed to precipitate and were filtered and dried in an oven at 60°C 

for 24 h. The same procedure was carried out for the other 2 extracts: 50 g and 75 g of pulverized 

tangerine peel. Samples synthesized from the extracts with a quantity of tangerine peel powder of 25 g, 

50 g, and 75 g were named N1, N2, and N3, respectively.  

2.5. Nanoparticle characterization 

The coprecipitation method was employed for nanoparticle synthesis. Two iron salts, FeCl₂·4H₂O 

and FeCl₃·6H₂O, were used in amounts of 0.47 g and 1.14 g, respectively, and dissolved in 100 mL of 

deionized water. Subsequently, 0.4 mL of the previously obtained tangerine peel extract was slowly 

added to the solution under continuous stirring to ensure homogeneity. The pH of the mixture was 

adjusted to 10 by the dropwise addition of 1 M NaOH, and stirring was maintained for 20 min. The 

resulting particles were allowed to precipitate, then separated by filtration and dried in an oven at 60°C 

for 24 h. The same synthesis procedure was repeated using extracts prepared from 50 g and 75 g of 

pulverized tangerine peel. The samples synthesized using extracts obtained from 25 g, 50 g, and 75 g 

of tangerine peel powder were designated N1, N2, and N3, respectively. 

2.6. Atomic absorption spectroscopy 

For the quantitative determination of As, hydride generation atomic absorption spectroscopy (HG-

AAS) was employed. This technique was selected due to its high sensitivity and its ability to minimize 

matrix interferences, which are common in arsenic analysis [27]. The procedure involved the addition 

of a reducing agent, sodium borohydride (NaBH₄), to the previously acidified sample. This reaction 

converted the arsenic present in the sample into a volatile gaseous species, arsine (AsH₃), which was 

subsequently detected by atomic absorption spectroscopy (AAS). 

2.7. Viability of the particle as a retainer of As in water 

To evaluate the arsenic retention capacity, a certified As(III) standard solution (1000 mg/L) was 

used. From this stock solution, a working solution of 1.0 mg/L was prepared and subsequently used to 

generate the different test solutions for the adsorption assays. These solutions were brought into contact 

with FeNPs-CR under the established experimental conditions. After equilibrium was reached, the 

suspensions were filtered, and the residual arsenic concentration was determined by atomic absorption 

spectrometry. The percentage of arsenic adsorption by FeNPs-CR was then calculated based on the 

initial and final concentrations. 
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2.7.1. Effect of contact time 

To determine the equilibrium time of the synthesized particles, 0.1 g of FeNPs-CR was added to 

200 mL of an aqueous solution containing 1000 μg/L of As. The suspension was initially subjected to 

ultrasonic agitation for 10 s and subsequently maintained under intermittent mechanical stirring for 4 h 

at a controlled temperature of 27°C. During the experiment, 1 mL aliquots of the liquid phase were 

collected at 5 min intervals during the first 30 min and then at hourly intervals thereafter. Each aliquot 

was diluted to a final volume of 10.0 mL, and the arsenic concentration was determined by atomic 

absorption spectroscopy. 

2.7.2. Effect of FeNPs-CR mass as an adsorbent 

To determine the optimal adsorbent dosage for arsenic retention, five samples were prepared 

using different masses of FeNPs-CR: 0.025, 0.05, 0.1, 0.3, and 0.5 g. Each adsorbent mass was added 

separately to 200 mL of an aqueous solution containing 1000 μg/L of As(III) at a constant temperature 

of 27°C. The suspensions were stirred at 200 rpm until adsorption equilibrium was reached. 

Subsequently, a 1.0 mL aliquot of the solution was carefully withdrawn and diluted to a final volume 

of 10.0 mL with deionized water to adjust the arsenic concentration to the analytical detection range. 

The residual arsenic concentration in each diluted aliquot was then quantified using AAS. 

2.7.3. Effect of pollutant concentration (As) 

To evaluate the effect of contaminant concentration on the adsorption process, a series of 200 mL 

aqueous solutions with initial arsenic concentrations ranging from 1 to 120 mg/L were prepared. To 

each solution, 0.1 g of FeNPs-CR was added, and the suspensions were stirred at 200 rpm at room 

temperature for 15 min. After adsorption, 1.0 mL aliquots were collected from each solution and 

diluted to a final volume of 10.0 mL. The residual arsenic concentration was then determined using 

atomic absorption spectroscopy. All experiments were performed in duplicate to ensure data 

reproducibility. 

2.7.4. Effect of pH on retention 

Aqueous solutions of 200 mL were prepared at different pH values (1.0, 2.0, 4.0, 6.0, and 7.0), 

each containing an initial arsenic concentration of 10 mg/L. The pH was adjusted using 0.1 M HCl and 

0.1 M NaOH solutions. After reaching the desired pH, 0.1 g of FeNPs-CR was added to each solution, 

and the suspensions were stirred at 200 rpm at room temperature until adsorption equilibrium was 

achieved. Subsequently, 1.0 mL aliquots were withdrawn and diluted to a final volume of 10.0 mL. 

The residual arsenic concentration was then determined using AAS. 

2.7.5. Influence of temperature 

The effect of temperature on arsenic adsorption was evaluated at controlled temperatures of 27, 

35, and 45°C. Aqueous solutions of 200 mL with an initial arsenic concentration of 10.0 mg/L were 

prepared. To each solution, 0.1 g of FeNPs-CR was added without pH adjustment, and the suspensions 

were stirred at a constant speed of 200 rpm. Samples were collected at contact times of 1, 2, 3, 5, 8, 
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10, 15, 20, and 30 min. Subsequently, 1.0 mL aliquots of the liquid phase were withdrawn and diluted 

to a final volume of 10.0 mL. The residual arsenic concentration was then determined using AAS. 

2.8. Adsorption isotherm  

Two adsorption isotherm models were applied to analyze the experimental data obtained in this 

study, namely the Langmuir and Freundlich isotherms. The maximum adsorption capacity was 

determined by maintaining a constant amount of adsorbent (FeNPs-CR) while varying the initial 

concentration of arsenic in the aqueous solution. For this purpose, the equilibrium concentration (Ce, mg/L) 

was plotted against the amount of arsenic adsorbed per unit mass of adsorbent (qe, mg/g), according 

to Eq (1). In this equation, Ci and Cf represent the initial and final arsenic concentrations in solution, 

respectively (mg/L), W corresponds to the mass of the adsorbent (g), and V denotes the volume of the 

test solution (L). 

𝑞 =
𝐶𝑖−𝐶𝑓

𝑊
 × 𝑉          (1) 

The linear form of the Langmuir isotherm model is expressed by Eq (2) [28]: 

𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟:  
𝐶𝑒

𝑞
=  

1

𝑞𝑚×𝐾𝐿
+

𝐶𝑒

𝑞𝑚
        (2) 

where qm represents the maximum adsorption capacity (mg/g) and KL is the Langmuir equilibrium 

constant (L/mg). 

One of the key parameters of the Langmuir isotherm is the dimensionless separation factor (RL), which 

is expressed by Eq (3): 

 𝑅𝐿 =  
1

1+𝐾𝐿×𝐶𝑜
         (3) 

where Co (mg/L) is the initial adsorbate concentration. Values of RL between 0 and 1 indicate 

favorable adsorption. 

The Freundlich isotherm describes heterogeneous and multilayer adsorption on the surface of the 

adsorbent and is expressed as follows: 

𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ:   𝐿𝑜𝑔 𝑞 =  𝐿𝑜𝑔 𝐾𝑓 +
1

𝑛
𝐿𝑜𝑔𝐶𝑒     (4) 

where Kf indicates the Freundlich constant expressed in (mg 1−1/n g −1 L 1/n) related to the adsorption 

capacity, while 1/n (dimensionless) is the adsorption intensity [29]. 

2.9. Thermodynamic study 

The calculation of the standard change in Gibbs free energy associated with the adsorption process 

was performed using the equation: 

∆𝐺0 = −𝑅𝑇 𝑙𝑛 𝐾𝑐         (5) 

where R is the universal gas constant (8.314 J mol⁻¹ K⁻¹), T is the absolute temperature (K), and Kc is 

the adsorption equilibrium constant. 

𝐾𝑐 =   
𝐶𝑜−𝐶𝑒

𝐶𝑒
          (6) 

where Co is the initial concentration of arsenic and Ce is the equilibrium concentration in solution, 



106 

AIMS Environmental Science  Volume 13, Issue 1, 99–125. 

both expressed in mg L⁻¹. The standard enthalpy (ΔH°) and entropy (ΔS°) changes were determined 

from the slope and intercept of the linear plot of ln Kc versus 1/T. 

3. Results 

3.1. Obtaining aqueous extract from E. grandis 

The aqueous extract exhibited a slightly yellowish coloration. Its chemical composition was 

analyzed by FTIR spectroscopy, as shown in Figure 1, where M1, M2, and M3 correspond to extracts 

obtained from 25 g, 50 g, and 75 g of tangerine peel powder, respectively. All three samples display 

similar FTIR spectra with characteristic absorption bands associated with typical citrus-derived 

compounds. A broad absorption band observed between 3320.82 and 3332.39 cm⁻¹ is attributed to C–

H stretching vibrations associated with alkene groups. Additionally, bands in the range of 1639.20–

1649.05 cm⁻¹ may be assigned to N–O stretching vibrations of functional groups present in the citrus 

extract. The absorption region between 2129.02 and 2144.45 cm⁻¹ suggests the presence of functional 

groups related to ketones, aldehydes, or pectin-derived compounds [30]. 

 

Figure 1. Infrared spectrum of mandarin extract (Citrus Reticulata). The concentrations of 

pulverized tangerine peel were varied: 25, 50, and 75 g. Test conditions: V=500 mL of 

deionized water; T=80 °C; and t=15 min. 

3.2. Synthesis of particles 

The concentration of NaOH, the volume of tangerine peel extract, and the synthesis temperature 

were had a significant influence on the formation of iron oxide nanoparticles (Fe₃O₄). The tangerine peel 

extract acts as a reducing and stabilizing agent during nanoparticle synthesis. Sodium hydroxide (NaOH) 

was used to adjust the pH and promote particle precipitation. Adjusting the pH to approximately 10 

favored the acquisition of a negative surface charge by FeNPs-CR, generating electrostatic repulsion 

between particles. This repulsion enhanced dispersion in the aqueous medium and reduces particle 

agglomeration. The synthesis temperature was maintained at ambient conditions to prevent oxidation 

of the iron species and to avoid thermal degradation of the organic compounds present in the natural 

extract [31]. 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/infrared-spectra
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3.3. Characterization of particles 

The characterization of FeNPs-CR was carried out using SEM and spectroscopic techniques. 

SEM analysis was performed using a Tescan Vega 3 microscope. UV–Vis spectroscopy and FTIR 

spectroscopy were employed to investigate the optical properties and surface functional groups of the 

synthesized nanoparticles. FTIR spectra were recorded using a CE 3000 Series spectrometer. 

3.3.1. FT-IR Spectroscopy 

FTIR was used to analyze the functional groups present on the surface of FeNPs-CR and to assess 

the contribution of biomolecular species involved in nanoparticle coating and stabilization. Figure 2 

shows the FTIR spectra of FeNPs-CR samples N1, N2, and N3, synthesized using extracts M1, M2, 

and M3, respectively. In all cases, a constant extract volume of 0.4 mL was employed during synthesis. 

The FTIR spectra of FeNPs-CR exhibited characteristic bands at 1600.62 cm⁻¹ and 3328.53 cm⁻¹, 

which were associated with vibrational modes of water molecules adsorbed on the nanoparticle surface, 

a feature commonly reported for magnetite-based materials. In addition, absorption bands at 524.54 

and 567 cm⁻¹ corresponded to Fe–O bond vibrations, confirming the formation of iron oxide 

nanoparticles [32].  

The band observed around 3328.53 cm⁻¹ was attributed to O–H stretching vibrations. In this study, 

the broadening and decrease in transmittance intensity of the bands at 3328.53 and 1600.62 cm⁻¹ 

indicated the presence of surface functional groups derived from the tangerine peel extract. These groups 

are characteristic of citrus-based biomolecules and contribute to the stabilization of FeNPs-CR [33,34].  

 

Figure 2. FT-IR spectrum of FeNPs-CR N1, N2, and N3. The amount of powdered 

tangerine peel extracts was varied: 25, 50, and 75g. Test conditions: 150 rpm; V=500 mL 

of deionized water; T=27 °C; and t=55 min. 

Considering the magnetic response of the particles and the results obtained from SEM analysis, 

sample N3 was selected for subsequent experiments. Accordingly, this sample was used in all arsenic 

removal studies. 
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3.3.2. Scanning Electron Microscopy (SEM)  

SEM was used to determine the size and morphology of FeNPs-CR. Among the three samples 

analyzed, N3 exhibited the most representative size and morphology characteristic of this type of 

nanomaterial. Based on the SEM analysis, the particle sizes of FeNPs-CR ranged from 70 to 300 nm, 

although particles larger than 100 nm were also observed. The presence of larger particles could be 

attributed to the organic components of the tangerine peel extract, such as sugars, as well as to the 

intrinsic tendency of this type of nanomaterial to undergo agglomeration [35]. The observed 

morphology corresponded to a reverse spinel structure with a non-homogeneous crystalline 

arrangement, and the particles appeared irregularly distributed on the sample holder. Figure 3 presents 

the SEM micrographs and size distribution of FeNPs-CR samples N1, N2, and N3. All samples were 

analyzed at different accelerating voltages and magnifications to ensure representative morphological 

characterization. The results obtained in this study are consistent with previous reports on FeNPs-CR 

synthesized using tangerine peel extracts [36,37]. 

  

 

Figure 3. SEM micrograph of FeNPs-CR. 
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3.3.3. UV-Vis spectroscopy 

The UV–Vis spectra (Figure 4) showed characteristic absorption bands with average wavelengths 

at 263 and 290 nm. These absorption features were attributed to electronic transitions associated with 

the intrinsic bandgap of FeNPs-CR. The absorption process corresponded to the excitation of electrons 

from the valence band to the conduction band. The energy associated with these electronic transitions 

could be described by the quantized energy equation, where h is Planck’s constant, c is the speed of 

light, and λ is the wavelength of the absorbed radiation. 

𝐸 =
ℎ𝑐

𝜆
𝜆           (7) 

The estimated bandgap energy was approximately 4.72 eV, which is consistent with values reported in 

the literature for similar materials. This indicated that FeNPs-CR absorb light as a result of electronic 

transitions between discrete energy levels. These transitions involve changes in the electronic configuration 

of iron and oxygen atoms, leading to the absorption of photons at specific wavelengths [38]. 

 

a) 

 

b) 

 

c) 

Figure 4. UV–Vis spectra of FeNPs-CR samples synthesized using different amounts of 

Citrus reticulata (tangerine) peel extract: (a) 25 g, (b) 50 g, and (c) 75 g. 
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3.3.4. DLS (dynamic light scattering) analysis 

The laser granulometry analysis was carried out in the Department of Extractive Metallurgy at 

the National Polytechnic School using a Laser Scattering Particle Size Distribution Analyzer LA-

950V2 (HORIBA). The measurements were interpreted using Mie theory, which describes the scattering 

of electromagnetic waves by spherical particles, employing a refractive index of 2.42 for magnetite. 

The DLS measurements revealed a broad hydrodynamic size distribution ranging from 0.1 to 

17.4 μm (Figure 5), indicating the presence of aggregated particles and agglomerates in aqueous 

suspension rather than isolated primary nanoparticles. In systems synthesized via green routes, organic 

ligands present in the plant extract can significantly increase the hydrodynamic diameter measured by 

DLS, as the organic coating and its solvation layer contribute to the effective size of the nanoparticles 

in suspension [39]. In this context, magnetic dipole–dipole interactions inherent to magnetite, together 

with Lifshitz–van der Waals forces and the absence of synthetic surfactants, may favor the formation 

of reversible agglomerates in aqueous media [40,41]. Similar hydrodynamic size distributions (0.1–

0.2 μm) have been reported for magnetite-based systems analyzed by DLS [42]. 

It is important to emphasize that DLS provides the hydrodynamic diameter of particle aggregates 

dispersed in liquid media, whereas SEM analysis reflects the primary particle size in the dry state. 

Therefore, the larger sizes detected by DLS do not contradict the nanoscale dimensions observed by 

SEM, but rather confirm the tendency of FeNPs-CR to form agglomerates in aqueous environments [43]. 

Although a more homogeneous dispersion and smaller hydrodynamic sizes (< 0.1 μm) could 

further enhance adsorption performance, the high As removal efficiencies obtained in this study 

demonstrated that the aggregated FeNPs-CR remained highly effective under the evaluated 

experimental conditions. Nevertheless, future optimization of synthesis parameters could be explored 

to improve size homogeneity and dispersion stability. 

 

Figure 5. FeNPs-CR laser granulometry. 

3.4. Equilibrium time, dosage, and effect of pH on retention 

3.4.1. Effect of contact time 

Following the established methodology, adsorption experiments were carried out using FeNPs-CR 

under the following conditions: initial As concentration of 1 mg/L, adsorbent dosage of 0.1 g, pH 2.76, 
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and varying contact times. The results revealed high arsenic removal efficiencies for all samples. 

Specifically, the maximum removal efficiencies were 98.11% for N1 at 25 min, 98.41% for N2 at 30 

min, and 98.90% for N3 at 10 min, as shown in Figure 6. 

These results were used to determine the appropriate contact time for subsequent adsorption 

experiments. It was observed that increasing the contact time beyond the optimal value did not improve 

adsorption performance; instead, a decrease in arsenic removal efficiency was detected at longer 

contact times. Furthermore, within the first 5 min of contact, FeNPs-CR achieved arsenic removal 

levels ranging from approximately 90% to 97%, indicating rapid adsorption kinetics and a strong 

affinity between arsenic species and the adsorbent surface. 

Based on these findings, FeNPs-CR demonstrated a high arsenic removal capacity within a short 

contact time, confirming their suitability for further studies on heavy metal remediation. Considering 

the adsorption performance and the morphological and structural characteristics of FeNPs-CR, an 

optimal contact time between 10 and 30 min was established. For sample N3, which was selected for 

subsequent experiments, the optimal contact time was 10 min. This selection was supported by the 

particle size distribution of N3, which provided a relatively large surface area and high removal 

efficiency, validating its effectiveness for arsenic removal under the studied conditions.  

 

Figure 6. Contact time evaluation. As(III) removal capacity of N1, N2, and N3 

nanoparticles. Test conditions: 200 rpm; V=100 mL; T=27 °C; and t=35 min. 

3.4.2. Effect of FeNPs-CR mass as an adsorbent 

For this analysis, a solution volume of 100 mL with an initial As concentration of 1 mg/L and a 

pH of 2.26 was used. Different masses of FeNPs-CR were evaluated, specifically 0.025, 0.05, 0.1, 0.3, 

and 0.5 g. Figure 7 illustrates the corresponding arsenic removal efficiencies obtained for each adsorbent 

dosage. The results showed that, at a contact time of 10 min, the highest removal efficiency (90.92%) was 

achieved using 0.1 g of FeNPs-CR, whereas the lowest removal efficiency (20.23%) was observed 

with 0.025 g. 

Optimizing the adsorbent dosage is a critical factor in adsorption processes, particularly in 

systems that employ magnetic separation for particle recovery. Using lower amounts of adsorbent 

facilitates magnetic separation by reducing the required magnetic energy and preventing saturation of 

the recovery system. In addition, lower particle concentrations help minimize agglomeration, which 

commonly occurs at higher dosages due to van der Waals forces and magnetic interactions in FeNPs-CR. 
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Particle agglomeration reduces the effective surface area available for adsorption and consequently 

decreases adsorption efficiency. 

At lower adsorbent concentrations, arsenic transport to active surface sites may be more efficient 

due to reduced competition for adsorption sites and improved dispersion in the solution. Furthermore, 

the use of optimized adsorbent dosages can prevent undesirable effects such as particle–particle 

interactions, local pH variations, or partial deactivation of FeNPs-CR induced by excessive solid loading. 

 

Figure 7. Effect of the mass of FeNPs-CR varying the amount of N3. Test conditions: 

200 rpm; V=100 mL; T=27 °C; and t=10 min. 

3.4.3. Effect of pH on adsorbent capacity 

Figure 8 presents the results obtained from the evaluation of pH on arsenic removal. At acidic pH 

values of 1 and 3, removal efficiencies higher than 98% were achieved, with a slight increasing trend 

as contact time progressed. At pH 5, which is also considered acidic, greater variability in removal 

efficiency was observed, with values ranging from approximately 96% to a maximum of 97.2%. At 

neutral pH (pH 7), removal efficiencies above 98% were observed within the first 3 min; however, at 

longer contact times, the removal efficiency did not exceed 97%. These results indicated that FeNPs-

CR exhibited higher arsenic removal efficiency under acidic conditions, which is consistent with 

findings reported by other authors [44,45].  

Under acidic conditions, the surface of FeNPs-CR was predominantly protonated, resulting in a 

positively charged surface that favors the electrostatic attraction of anionic arsenic species. In contrast, 

at higher pH values, surface deprotonation led to a negatively charged surface, which could reduce 

adsorption efficiency due to electrostatic repulsion. Between these conditions, there existed an acidic 

pH range in which adsorption efficiency was maximized, likely due to optimal electrostatic interactions. 

Overall, FeNPs-CR exhibited arsenic removal efficiencies higher than 95% in aqueous systems 

under acidic and neutral pH conditions. 
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Figure 8. Effect of pH on the As Removal Process Test conditions: 200 rpm; V=100 mL; 

T=27 °C; t=10 min; and 0.1 g FeNPs-CR. 

The point of zero charge (PZC) analysis (Figure 9) indicated that the adsorption capacity of 

arsenic increased as the pH approached 5.5. At low pH values, FeNPs-CR surfaces were protonated, 

generating a positive surface charge that enhanced the attraction of arsenic anions. Maximum 

adsorption was observed at approximately pH 4. At pH values above 5.5, surface deprotonation 

resulted in a negatively charged surface, leading to a decrease in arsenic adsorption due to electrostatic 

repulsion. These findings confirmed that acidic conditions are more favorable for arsenic adsorption 

onto FeNPs-CR. In addition, the results suggested that adsorption is not governed exclusively by 

electrostatic interactions related to the PZC, but also involves physical attraction mechanisms 

associated with the magnetic properties of the particles [46]. 

 

Figure 9. Determination of pH PZC in the FeNPs-CR. samples. Test conditions: 200 rpm; 

V=10 mL; T=27 °C; and 0.1 g FeNPs-CR. 

3.4.4. Effect of pollutant concentration (As) 

Figure 10 shows that, regardless of the initial As concentration (1, 10, and 20 mg/L), all adsorption 

profiles exhibit a similar initial trend, characterized by a rapid increase in removal efficiency during 
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the first minutes of contact. This behavior indicated fast adsorption kinetics and a strong affinity 

between As species and the FeNPs-CR surface. Subsequently, the adsorption curves tended to stabilize, 

indicating that the system reached a near-equilibrium state within a short contact time. 

Under these near-equilibrium conditions, when removal efficiencies exceeded 95%, minor 

variations in the measured values may have become apparent. These variations could be associated 

with the rapid saturation of active sites, dynamic surface redistribution processes, and analytical 

variability inherent to the measurement of very low residual As concentrations, rather than with real 

changes in the intrinsic efficiency of the adsorption process. As a result, the adsorption profiles 

flattened after the initial uptake stage, masking a defined kinetic trend once equilibrium was reached. 

 

Figure 10. Effect of As concentration (mg/L). Test conditions: 200 rpm; V=100 mL; 

T=27 °C; and Time = 1–30 min. 

Figure 11 shows the effect of the initial As concentration on removal efficiency at a fixed contact 

time of 10 min, corresponding to the equilibrium time determined from kinetic experiments. The 

removal efficiency increased from 97.12% at 1 mg/L to a maximum value of 99.33% at 20 mg/L. At 

higher concentrations (50–120 mg/L), the removal efficiency remained consistently high (> 97%) but 

did not follow a strictly monotonic pattern; for example, the efficiency at 50 mg/L was higher than those 

observed at 1, 10, 80, and 120 mg/L, although it remained below the maximum achieved at 20 mg/L. 

 

Figure 11. Effect of As concentration in time 10 min. Test conditions: 200 rpm; V=100 mL; 

T=27 °C; and t=10 min. 
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The highest removal efficiency observed at 20 mg/L indicated an optimal balance between As 

availability in solution and the density of active adsorption sites on the FeNPs-CR surface. At lower 

concentrations (1–10 mg/L), although high removal efficiencies were achieved, the reduced As 

availability and the higher relative impact of analytical variability at very low residual concentrations 

may have resulted in slightly lower apparent removal percentages. At elevated concentrations, the 

adsorption performance remained high, reflecting the strong affinity of FeNPs-CR toward As under 

the evaluated equilibrium conditions. 

For As concentrations between 50 and 120 mg/L, only duplicate measurements were performed. 

This decision was based on the analytical limitations of the HG-AAS technique when operating near 

its detection limits at high removal levels, as well as on the limited availability of As standard solutions 

required for calibration. Under these conditions, duplicate measurements were considered sufficient to 

ensure data reliability and to evaluate concentration-dependent trends. 

Additionally, at higher As concentrations, changes in the physicochemical behavior of the system 

may have occurred due to increased ionic strength and local variations in solution chemistry. These 

effects can influence interparticle interactions, potentially inducing partial dispersion or reversible 

agglomeration phenomena of the FeNPs-CR in aqueous suspension [47]. 

3.4.5. Effect of temperature 

The effect of temperature on arsenic adsorption was evaluated by analyzing changes in the 

adsorption performance of FeNPs-CR as a function of temperature. An increase in temperature resulted 

in a decrease in adsorption efficiency, indicating that the process is exothermic. In exothermic 

adsorption systems, the equilibrium between adsorbed and desorbed arsenic species shifts toward 

desorption as thermal energy increases. 

As shown in Figure 12, at 27°C, the initial arsenic removal efficiencies ranged from 96% to 99% 

within the first 5 min and stabilized at values above 97% between 20 and 30 min. At 35°C, the initial 

removal efficiencies decreased to approximately 90%–92%, reaching stabilization at around 97% only 

after longer contact times. In contrast, at 45°C, although removal efficiencies of 96%–97% were 

observed within the first 1–5 min, a significant decrease was detected at longer contact times, with 

removal efficiencies dropping to 89.7% after 30 min. 

 

Figure 12. Effect of temperature. Test conditions: 200 rpm; V=100 mL; T=27 °C; and t=30 min. 
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These results demonstrated an inverse relationship between temperature and adsorption efficiency, 

confirming that higher temperatures reduced arsenic removal by FeNPs-CR. This behavior could be 

attributed to the weakening of interactions between arsenic species and the adsorbent surface at 

elevated temperatures. In exothermic processes, interactions such as van der Waals forces, hydrogen 

bonding, and weak ionic interactions become less effective as thermal energy increases, facilitating 

desorption. Additionally, increased atomic and molecular vibrations at higher temperatures reduce the 

stability of both physical and chemical interactions between FeNPs-CR and arsenic species. 

These findings are consistent with other studies, such as that reported by Pillai et al. (2020), who 

investigated arsenic removal using iron oxide nanoparticles modified with rice husk. Their results 

showed enhanced arsenic removal at lower temperatures and a gradual decrease in adsorption 

efficiency with increasing temperature. This behavior was attributed to increased randomness and 

mobility of arsenic ions at higher temperatures, which hinders stable adsorption [32].    

3.5. Adsorption isotherms 

The adsorption capacity of FeNPs-CR was evaluated using initial arsenic concentrations of 1, 10, 

20, 50, 80, and 120 mg/L. The equilibrium data were analyzed using the Langmuir and Freundlich 

isotherm models under identical experimental conditions. The linearized forms of the Langmuir (Eq (2)) 

and Freundlich (Eq (4)) models were applied to interpret the adsorption behavior. The adsorption 

capacity is influenced by several physical parameters, including the particle size of FeNPs-CR (70–

300 nm), their spatial distribution, magnetic nature, contact time, and temperature. The combined 

effect of these factors contributes to the observed adsorption performance of FeNPs-CR. The use of 

isotherm models enables the evaluation of the adsorption mechanism and the interaction between 

arsenic species and the adsorbent surface [48].  

The Langmuir (Figure 13) and Freundlich (Figure 14) models were fitted using equilibrium data 

obtained at 27°C and 200 rpm over a range of arsenic concentrations. The coefficient of determination (R²) 

was used to assess the goodness of fit of each model. The corresponding isotherm parameters for 

different arsenic concentrations are presented in Table 1. In this study, the Freundlich model exhibited 

a significantly higher R² value (0.97) than the Langmuir model (0.46), indicating that the adsorption 

of arsenic onto FeNPs-CR is better described by the Freundlich isotherm [49]. 

 

Figure 13. Langmuir isotherm for different concentrations of As. 
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Figure 14. Freundlich isotherm for different concentrations of As. 

Table 1. Parameters of Isothermal models for different concentrations of As. 

Adsorption Isotherm Model Parameters Value with FeNPs-CR 

Langmuir isotherm qmax (mg/g) 227.27 

R2 0.46 

KL (mg/g) 0.12 

Freundlich isotherm 1/n 1.089 

Kf (mg/g) 23.87 

R2 0.97 

The better performance of the Freundlich model suggested that the surface of FeNPs-CR is 

heterogeneous, as confirmed by the characterization results. Additionally, the adsorption process likely 

involves multilayer formation and relatively weak interactions between the adsorbent and arsenic 

species, with incomplete surface saturation under the studied conditions [50,51]. 

3.6. Adsorption kinetics 

Kinetic adsorption experiments were conducted independently from the factorial adsorption tests. 

Specifically, arsenic concentrations of 1, 10, and 20 mg/L were selected for the kinetic analysis to 

evaluate the adsorption mechanism under controlled conditions. These concentrations represented low, 

intermediate, and relatively high arsenic levels, respectively, and the resulting datasets were used 

exclusively for kinetic modeling. 

The kinetic study was carried out at arsenic concentrations of 1, 10, and 20 mg/L. The 

experimental data were fitted to the pseudo-first-order and pseudo-second-order kinetic models, as 

shown in Figures 15 and 16. Although both models exhibited apparent linearity, the pseudo-first-order 

model was discarded because the calculated qe values were significantly lower than the experimentally 

obtained values, indicating a poorer description of the adsorption process. 

In contrast, the pseudo-second-order model provided the best fit to the experimental data, as 

confirmed by the high regression coefficients (R² = 1.00 for 20 mg/L, 0.99 for 10 mg/L, and 0.9999 

for 1 mg/L) and by qe values that closely matched the experimental results. These results indicated 
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that the rate-limiting step is governed by surface adsorption and that arsenic removal occurs 

predominantly through physicochemical interactions between arsenic species and the FeNPs-CR 

surface, which agrees with other reports [52,53]. 

 

Figure 15. Linearity of the pseudo-first-order kinetic model. Adsorption experiments of 

As at 1, 10, and 20 mg/L using FeNPs-CR. 

 

Figure 16. Linearity of the pseudo-second-order kinetic model. Adsorption experiments 

of As at 1, 10, and 20 mg/L using FeNPs-CR. 

The adsorption mechanism of arsenic onto FeNPs-CR can be interpreted by considering the 

combined contribution of the iron oxide core and the organic functional groups derived from the 

tangerine peel extract. Although adsorption experiments using the individual pristine components were 

not conducted, the experimental evidence obtained in this study enables a mechanistic interpretation 

based on well-established adsorption behavior. 

Iron oxide nanoparticles are known to adsorb arsenic primarily through surface complexation 

mechanisms involving Fe–OH groups, leading to the formation of inner- or outer-sphere Fe–O–As 

complexes. This mechanism is strongly pH-dependent and typically favors acidic conditions, which is 

consistent with the enhanced arsenic removal observed at low pH values in this study [54–56]. 

In contrast, plant-derived organic materials generally exhibit weaker adsorption capacity toward 

arsenic, dominated by nonspecific electrostatic interactions and physical adsorption through functional 
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groups such as hydroxyl and carboxyl moieties. While these interactions alone are usually insufficient 

to achieve high removal efficiencies, they can contribute to surface charge modulation and improved 

dispersion of iron oxide nanoparticles [54]. 

The superior adsorption performance of FeNPs-CR compared to what would be expected from 

individual components can therefore be attributed to a synergistic effect. The organic coating 

introduces additional functional groups and enhances surface accessibility, while the iron oxide core 

provides specific adsorption sites capable of forming surface complexes with arsenic species. 

Consequently, arsenic adsorption onto FeNPs-CR is governed by a combined mechanism involving 

electrostatic attraction at low pH and surface complexation at iron oxide sites. 

3.7. Thermodynamic study  

Thermodynamic parameters (Table 2) were determined using adsorption data obtained at different 

temperatures for As concentrations of 1, 10, and 20 mg/L. These experiments were performed 

separately from the factorial studies and were designed to evaluate the temperature dependence of As 

adsorption onto FeNPs-CR. 

For the thermodynamic analysis, the changes in enthalpy (ΔH) and entropy (ΔS) were calculated 

from the slope of the ln Kc versus 1/T plot. The thermodynamic parameters used to evaluate arsenic 

adsorption onto FeNPs-CR are summarized in Table 2. 

Table 2. Thermodynamic parameters of As in FeNPs-CR. 

T(K) In Kc G (kJ/mol) H (kJ/mol) S (J/mol*K) 

300 4.49 -11.14 -63.008 174.41 

308 3.54 -9.06     

318 2.90 -7.66     

 

Once these parameters were analyzed, the Langmuir and Freundlich isotherm models were 

applied based on the experimental data obtained. In this analysis, thermodynamic factors in the liquid 

phase were considered, including temperature, contact time, and the concentrations of the contaminant 

and the adsorbent, to identify the optimal conditions that enhance arsenic removal efficiency [57].  

The application of the Langmuir and Freundlich isotherm models enables the evaluation of the 

interactions between FeNPs-CR and arsenic in aqueous systems as a function of key operational 

parameters, such as contact time, adsorbent dosage, and contaminant concentration. These interactions 

are governed by a combination of physical and chemical processes, which may occur simultaneously 

during adsorption. 

Furthermore, this analysis is particularly relevant because FeNPs-CR were synthesized through a 

green synthesis route, contributing to reduced environmental impact while maintaining high arsenic 

removal efficiency. The use of environmentally friendly synthesis methods therefore represents a 

promising approach for the development of efficient and sustainable adsorbents for water treatment 

applications [47,48]. 

4. Discussion  

The synthesis of FeNPs-CR through the coprecipitation method assisted by Citrus reticulata 

extract yielded a material with structural and surface properties favorable for arsenic removal from 
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aqueous solutions. The 2:1 molar ratio of Fe(III)/Fe(II) under alkaline conditions (pH 10) promotes 

the formation of magnetite (Fe₃O₄), a phase recognized for its high surface reactivity and chemical 

stability. The incorporation of the plant extract played a key role not only as a reducing and stabilizing 

agent but also as a modifier of surface chemistry. FTIR analyses revealed the presence of functional 

groups such as –OH and –COOH associated with phenolic compounds and biomolecules from the 

extract, which contribute to increasing the energetic heterogeneity of the surface. SEM micrographs 

showed particles ranging from 70 to 300 nm, indicating a certain degree of polydispersity and possible 

partial aggregation, a phenomenon commonly observed in green synthesis routes, which may 

nevertheless favor the generation of a broad distribution of active sites [58]. 

Removal experiments demonstrated efficiencies greater than 99% at an initial concentration of 

20 mg/L within short contact times (10–30 min), indicating rapid kinetics dominated by the availability 

of accessible surface sites. Even at higher concentrations (50, 80, and 120 mg/L), removal efficiency 

remained above 95%, indicating a strong affinity of the material for arsenic over a wide concentration 

range. This behavior suggests that the process is not initially limited by intraparticle diffusion but 

rather by direct interactions at the adsorbent surface. The rapid initial uptake can be attributed to the 

high density of active functional groups introduced during the green synthesis, which facilitate 

electrostatic attraction and surface complexation mechanisms. 

Isotherm analysis provided key insights into the adsorption mechanism. The Langmuir model 

showed a poor fit (R² = 0.46), indicating that the system does not follow an ideal monolayer adsorption 

behavior on a homogeneous surface, despite the high theoretical qmax value (227.27 mg/g). In contrast, 

the Freundlich model exhibited an excellent fit (R² = 0.97), confirming that adsorption occurs on a 

heterogeneous surface with a distribution of interaction energies. The KF value (23.87 mg/g) supports 

the high adsorption capacity of the material, while the 1/n parameter (1.089) suggests a favorable 

process with possible complexity in the adsorbent–adsorbate interaction. This behavior is consistent 

with the organic functionalization introduced by the plant extract, which generates multiple types of 

active sites with varying affinities toward arsenic species [59]. 

The effect of pH confirmed that arsenic speciation and the surface charge of the adsorbent 

significantly control the process. Under highly acidic conditions (pH 1–3), surface protonation 

enhances electrostatic attraction toward predominantly anionic arsenic species, resulting in increased 

removal efficiency. At neutral pH, the observed decrease may be attributed to competition with 

hydroxide ions and changes in surface potential. Furthermore, the reduction in efficiency at elevated 

temperatures (35–45 °C) confirms the exothermic nature of the process, suggesting that increasing 

temperature reduces the stability of adsorbed species on the surface [60]. This behavior indicates that 

the mechanism includes a significant physical adsorption component, although the high efficiency 

observed also suggests the contribution of surface chemical interactions. 

Overall, the combination of structural characterization, isotherm behavior, pH dependence, and 

temperature effects indicate that arsenic adsorption onto FeNPs-CR is governed by a heterogeneous 

and multifactorial mechanism in which electrostatic attraction and surface complexation with active 

functional groups coexist. The high adsorption capacity, together with the enhanced stability provided 

by green synthesis, positions FeNPs-CR as a competitive material compared to other iron-based 

adsorbents reported in the literature. Nevertheless, to consolidate its applicability in real water 

treatment systems, further evaluation in complex matrices containing competing species, as well as 

regeneration and long-term stability studies, would be necessary. 
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5. Conclusions 

Based on the characterization results, it was determined that the coprecipitation method using 

Fe(III) and Fe(II) salts in a 2:1 molar ratio, combined with the addition of 1 mL of Citrus reticulata 

peel extract (75 g of pulverized peel) at pH 10 adjusted with 0.4 M NaOH, provides optimal conditions 

for the synthesis of FeNPs-CR. FeNPs-CR were successfully characterized using FTIR, UV–Vis 

spectroscopy, and SEM. The results obtained from these techniques are consistent with other reported 

data for FeNPs-CR. The synthesized nanoparticles exhibited particle sizes ranging from approximately 

70 to 300 nm and displayed characteristic absorption bands and spectral features associated with this 

type of nanomaterial. Arsenic removal experiments demonstrated that FeNPs-CR achieve removal 

efficiencies greater than 99% within contact times between 10 and 30 min at an initial As concentration 

of 20 mg/L. At higher concentrations (50, 80, and 120 mg/L), removal efficiencies remained above 

95%, indicating a strong affinity of FeNPs-CR toward arsenic over a wide concentration range. 

Temperature and pH were identified as key operational parameters influencing adsorption 

performance. Higher temperatures (35 and 45 °C) resulted in decreased removal efficiency, confirming 

the exothermic nature of the adsorption process. In contrast, adsorption was most effective under acidic 

conditions, particularly at pH values between 1 and 3, where removal efficiencies were significantly 

higher than those observed at neutral pH. The use of Citrus reticulata peel extract enabled the green 

synthesis of FeNPs-CR, providing enhanced stability by reducing oxidation and agglomeration of the 

nanoparticles. The organic components of the extract contribute additional surface functional groups, 

increasing the effective surface area and the availability of active sites for arsenic adsorption. Overall, 

the results demonstrate that FeNPs-CR synthesized via an environmentally friendly route exhibit high 

adsorption efficiency and selectivity toward arsenic. Future studies are recommended to evaluate the 

performance of FeNPs-CR in natural water samples to assess matrix effects and the influence of competing 

species, thereby further validating their potential application in practical water treatment systems. 
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