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Abstract: In this research, we explored the synthesis and application of iron oxide magnetic
nanoparticles functionalized with watermelon peel extract (NP-FeO-CL) using an eco-friendly
approach. These nanoparticles were characterized by FT-IR, SEM, and UV-Visible spectroscopy,
confirming their structure, magnetic properties, and purity. Their efficiency was evaluated in removing
lead (Pb) ions from aqueous solutions under various experimental conditions, including variations in
contact time, adsorbent mass, pH, temperature, and initial Pb concentration. The results showed a
maximum Pb removal of 91.40% under optimum conditions (pH =4, temperature =25 °C, and contact
time = 5 min). Adsorption isotherms indicated an excellent fit to the Freundlich model (R? = 0.94, KF
=16.99 mg/g, n = 1.97), reflecting heterogeneous and multi-layered adsorption. Likewise, a good fit
to the Langmuir model (R?=0.91) was observed, suggesting a single-layer adsorption with a maximum
adsorption capacity qmax 0f 47.16 mg/g. As for the kinetics, the pseudo-second order model adequately
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described the process (R? = 0.99), suggesting that the adsorption rate is controlled by the availability
of active sites. Thermodynamic analysis evidenced that the process is spontaneous and favorable at
moderate temperatures, although the efficiency decreases at higher temperatures. This study highlights
the potential of NP-FeO-CL as a sustainable and efficient solution for the remediation of water
contaminated with heavy metals. Moreover, the green synthesis method used not only minimizes the
environmental impact but also promotes the reuse of agro-industrial waste, contributing to the circular
economy. Tests conducted under real conditions, such as in mining waters fortified with Pb, validated
its practical applicability, achieving efficiencies above 90% in the first minutes of the process. These
results position NP-FeO-CL as a versatile tool for treating contaminated water, with a significant
impact on the sustainable management of water resources and environmental protection.

Keywords: Pb adsorption; mining wastewater treatment; green synthesis; adsorption isotherms;
nanoparticles

Highlights:

- The characteristics of the adsorbent were studied using SEM, EDS, and FTIR.

- The adsorption process was influenced by key operating parameters, including equilibrium time,
adsorbent dosage, pH, temperature, and initial Pb (II) concentration.

- Nanoparticles synthesized from watermelon peel extract (NP-FeO-CL) are effective and sustainable
adsorbents for Pb (II).

- The Langmuir model provided the best fit, with a maximum adsorption capacity of 47.16 mg/g.

- The pseudo second-order kinetic model best describes the adsorption mechanism.

- Effective adsorption of Pb (II) in real mine water was achieved, reaching 91.40%.

1. Introduction

Contamination by heavy metals, such as lead (Pb), represents a global threat due to its toxicity,
bioaccumulation, and persistence in the environment[ 1]. This non-essential metal for living organisms
can seriously affect human health, damaging vital systems such as the nervous, renal, and skeletal
systems, especially in vulnerable populations such as children and pregnant women. Prolonged
exposure to lead also has a negative impact on aquatic and terrestrial ecosystems [2]. In Ecuador,
several regions present alarming concentrations of lead in water sources due to industrial and
agrochemical activities, which underlines the urgency of developing sustainable and accessible
solutions for its remediation. In Ecuador, the presence of lead in groundwater has emerged as a critical
concern, affecting several regions of the country and presenting a serious risk to public health [3].
Prolonged exposure to lead can have devastating effects on human health, affecting various body
systems, including the skin, brain, liver, kidneys, and bones. Children, in particular, are more vulnerable
to the neurotoxic effects of lead, making it urgent to find effective and sustainable solutions for the
remediation of this contamination [4].
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Traditional approaches to heavy metal removal, such as ion exchange, chemical precipitation, and
membrane processes, although effective, have significant disadvantages [5]. These methods are often
costly, energy-intensive, and generate chemical by-products that pose new environmental
challenges [5]. In the face of these limitations, adsorbent materials have emerged as promising
alternatives due to their efficiency, low cost, and ability to minimize secondary impacts. Among the
most studied materials are activated carbons, zeolites, biopolymers, and, more recently, metal oxide
nanoparticles [6].

Iron oxide nanoparticles functionalized with watermelon peel extract (NP-FeO-CL) stand out in
this field due to their high adsorption capacity, magnetic properties, and the possibility of being easily
recycled by magnetic separation [7]. These properties, combined with their high surface area and the
presence of reactive functional groups, make them ideal candidates for metal ion removal. In addition,
the synthesis of NP-FeO-CL using green methods has gained great interest, as it reduces the
dependence on toxic reagents and takes advantage of agro-industrial wastes as sources of precursor
chemicals. In particular, watermelon (Citrullus lanatus) peel extract has been identified as an effective
reducing and stabilizing agent, due to its high content of antioxidant compounds [7] .

Compared to other plant extracts used in the synthesis of nanoparticles, such as the alcoholic
extract of eucalyptus (Eucalyptus globulus) or the aqueous extract of papaya (Carica papaya),
watermelon peel extract offers significant advantages. Its availability, low cost, and high concentration
of antioxidants position it as a competitive alternative [8]. While eucalyptus extract has shown
favorable results in terms of nanoparticle stability, and papaya extract is effective in reducing metal
ions, watermelon extract combines these properties with a higher adsorption capacity, thanks to the
synergistic interaction of its phenolic compounds [9].

Studies have shown that the use of plant extracts not only improves the stability and functionality
of nanoparticles but also contributes to the circular economy by valorizing agro- industrial waste. This
approach enables the synthesis of materials with lower energy and environmental costs, promoting
sustainable practices in materials science[10]. In this context, NP-FeO-CLs synthesized using
watermelon peel extract represent a promising solution to address lead contamination in water sources.

Our main objective of this study is to evaluate the efficiency of NP-FeO-CL in the removal of Pb
ions from aqueous solutions under different experimental conditions. In addition, the fitting of the
experimental data to isotherm and adsorption kinetics models will be analyzed to better understand the
mechanisms involved in the process [11]. The findings of this research could lay the foundation for
the development of accessible and sustainable technologies for the mitigation of heavy metal
contamination in various affected regions [12].

2. Materials and methods
2.1. Reagents and materials

Watermelon was collected from the coastal region of Ecuador, province of Manabi, canton
Tosagua, from the El Porvenir farm, with coordinates 1226'00.8 "’S 80°2120.2 ""W. Iron (II) chloride
salts, hexahydrate, and sodium hydroxide were purchased from ISOLAB Laborgerate GmbH,
Wertheim, Germany, while iron (II) chloride salts were obtained from LOBA CHEMIE PVT. The
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standard lead solution (1000 mg /L) was purchased from AccuStandard in New Haven, Connecticut,
U.S.A. All chemicals and solvents used in this study were of analytical grade, and no additional
purification system was required. Milli-Q water was used to prepare the solutions (Resistivity: 18.2
MQ.cm at 298K).

2.2. Methods
2.2.1.  Obtaining watermelon extract

The aqueous extract was extracted from watermelon (C. /anatus) rinds. The collected peels were
dried at 90°C for one week to preserve their quality. Subsequently, a solution was prepared by heating
distilled water to 80°C, into which the powder from the dried rinds was added. This mixture was kept
at the same temperature for 5 minutes before cooling to room temperature, then filtered and stored in
amber glass jars at 5°C for later use in the preparation of the aqueous extract.

2.2.2.  Obtaining iron nanoparticles (NP-FeO-CL)

For the synthesis, a solution was prepared by combining ferrous chloride and ferric chloride in
deionized water with masses 0of 0.63 g and 1.62 g, respectively, in a 100 ml volumetric flask and stirred
constantly. After 5 min of stirring, 0.8 ml of the watermelon rind extract and 10 g of the prepared rind
was added. Then, sodium hydroxide solution was added dropwise until a pH of 10 was reached,
continuously monitoring the pH throughout the process. The mixture was left to stand to enable the NP-
FeO-CL to settle to the bottom of the beaker. The settled nanoparticles were washed in a centrifuge
using 70% alcohol and deionized water, and then dried in an oven at 65 °C for 24 hours.

3. Experimentation
3.1. Characterization studies

A morphological analysis of the magnetite nanoparticles was carried out using a scanning electron
microscope (SEM, Tescan). FTIR analysis was performed with a JASCO FT/IR-4100 spectrometer in
the range of 4000 to 500 cm™!, recorded in absorbance mode with a resolution of 16 cm™'. UV-Visible
measurements were carried out with a spectrometer (Thermo) 200 at a wavelength of 700 nm. All
experimental analyses were carried out under experimental conditions and at room temperature.

3.2. Feasibility of the nanoparticle as a Pb retainer in aqueous solutions

To evaluate the lead (II) retention capacity, a certified lead standard at 1000 mg/L was used. From
this standard, a stock solution of 2.0 mg/L was prepared, which served as the basis for the preparation
of various solutions for the experimental tests. The solutions were put in contact with NP-FeO-CL
nanoparticles and, after reaching equilibrium, were filtered. Subsequently, the samples were digested
with acid, and the lead concentration was measured by atomic absorption spectrometry, which enabled
the calculation of the percentage of lead adsorption on the synthesized particles. A range of initial lead
concentrations was explored, varying from 2.0 to 15 mg/L, and a dosage amount of nanoparticles
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ranging from 0.05 to 0.5 g was used. In addition, the effect of pH on the adsorption of lead ions was
studied by varying the pH in a range from 1.0 to 7.0. To analyze the kinetic behavior of adsorption,
aliquots of the solution were taken at 5-minute intervals, which enabled the elaboration of kinetic
curves. Experiments were also carried out to determine the adsorption isotherms at an initial
concentration of 2.0 mg/L. Finally, the thermodynamic properties of the adsorption process were
investigated by three experiments at different temperatures (25, 35, and 45° C), using the same initial
concentration of 2.0 mg/L lead.

The flowchart illustrating the synthesis process of NP-FeO-CL is presented below (Figure 1). This
diagram provides a clear overview of the stages involved in the synthesis. Additionally, a scheme
detailing the synthesis process of NP-FeO-CL and its subsequent adsorption is included (Figure 2),
enabling a better understanding of the interactions and mechanisms occurring within this process.

Preparation of watermelon rind

extract

Mixing of the extract and

v the precursor solution
Preparation of the precursor T ———
solution of NP-FeO-CL?
0.63 g ferrous chloride and yy
1.62 g ferric chloride
Separation of Washing of the nanoparticles:
nanoparticles by P Three washes, two with 70%
centrifugation alcohol and one with deionized
water.
A

Drying of the

nanoparticles at 65°C

pH =10

Figure 1. Flowchart diagram of the synthesis of NP-FeO-CL.
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Diagram of obtaining NP-FeO-CL Pb adsorption scheme
Aqueous extract of
with NP-FeO-CL
Citrullus lanatus '

solutions diluted in solutions diluted in

Drying the Watermelon Peel

) Powd deionized water deionized water
watermelon iacket owder

NP-FeO-CL Solution NP-FeO-CL

Aqueous extract . L o g
80°C with deionized water sedimentation
K Pb Adsorption Process /

Drying of NP-FeO-CL NP-F eO-CIJ

Figure 2. Scheme of the synthesis process of NP-FeO-CL and Adsorption.

4. Results
4.1. Characterization of NP-FeO-CL
4.1.1.  Infrared spectroscopy (FT-IR)

The Fourier transform infrared spectroscopy (FT-IR) technique was used to identify the functional
groups present in both the C. lanatus extract and the synthesized iron oxide nanoparticles. According
to the study by De la Cueva F et al [13], the FT-IR spectrum of the watermelon extract showed a peak
at 3251.4 cm™ associated with O-H bond stretches, indicative of alcohols, phenols, or water, suggesting
the presence of hydroxyl groups or water content in the extract. In addition, a peak at 1612.2 cm™ was
observed, suggesting the presence of C=0O (carbonyl) or C=C (carbon double bond) groups, which is
indicative of phenolic compounds or organic acids. Another relevant peak at 1025.94 cm™! is associated
with C-O stretches, typical of sugars, ethers, or alcohols, reflecting the possible presence of sugars
such as fructose and glucose. Finally, the peak at 609.39 cm™!, in the fingerprint region, could be related
to vibrations of C-H or C-O bonds in complex structures. Compared to the content by Chavez Garcia
M L et al. [14], the FT-IR spectrum of the iron oxide nanoparticles revealed a characteristic vibrational
band at 566.96 cm’!, corresponding to the Fe-O bond, confirming the presence of magnetite, with
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values that coincide with those reported in the literature. Bands were also identified at 3386.39 cm’!
and 1627.63 cm™!, corresponding to the hydroxyl (- OH) and carbonyl (-CO) groups, respectively.
These results suggest that the carboxyl group (-COO) interacted with the core of the nanoparticles,
while the polyphenols present in the watermelon peel extract acted as reducing and stabilizing agents
for the magnetite nanoparticles [15].

Comparison between the spectra of watermelon rind and magnetite showed significant differences
in their chemical compositions, reflecting the complexity of the organic composition of watermelon
rind versus the inorganic structure of magnetite. Although both exhibited bands in the O-H group
region, watermelon rind further exhibited bands associated with phenolic compounds and sugars, while

magnetite was characterized primarily by Fe-O bond vibrations, underscoring the differences between
these two materials, as seen in Figure 3.
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Wavenumber cm™’

Figure 3. FT-IR of NP-FeO-CL and CL.
4.1.2.  UV-Visible Spectroscopy

The UV-Visible absorption spectrum of NP-FeO-CL synthesized from watermelon rinds showed
an absorbance peak at 321.45 nm with a value of 0.005 Abs. According to the study by Castillo-

Granada A L, et al. [16], this peak indicated the presence of magnetite nanoparticles, since it was in
the typical absorption region for this material.

The gradual decrease in absorbance after this peak suggested a homogeneous distribution in size
and morphology, indicating a successful and controlled synthesis. The absence of other significant
peaks in the spectrum suggested that the nanoparticles were highly pure, with no evidence of additional
phases or contaminants. The overall shape of the spectrum matched the expected optical behavior for
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magnetite nanoparticles, confirming the effectiveness of the watermelon peel-based synthesis method,
as seen in Figure 4.

250 300 350 400 450 500 T GO G50 70

wisvenumher nm

Figure 4. UV-Visible spectrum of NP-FeO-CL (own image from the equipment).
4.1.3.  SEM results and EDS analysis of NP-FeO-CL nanoparticles.

Scanning electron microscopy (SEM) was used to measure the size of the nanoparticles. The
maximum scale reached was 2 pm, and the presence of micro- and nanoparticles of NP- FeO-CL was
observed. Figure 5 shows that scale A corresponds to 2 um and scale B to Sum. The smallest particle
size was determined using the Image software, which made it possible to identify and, despite the
limitations of the equipment, a significant number of microparticles and nanoparticles were detected,
confirming the presence of NP-FeO-CL [17]. One of the smallest particles had a size of 0.070 pum,
equivalent to 70 nm, which fit the definition of nanoparticles, which encompasses sizes between 1 and
100 nm [18].
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»
SEM HV: 30.0 kV WD: 2.71 mm !

View field: 28.3 pm Det: SE

Figure 5. SEM analysis of NP-FeO-CL a different scale. A: 2 um. B: 5 pm.

The EDS analysis of the NP-FeO-CLs is presented in Figure 6, namely, the area analyzed (Figure
6A) and its spectrum (Figure 6B). In addition, X-ray energy dispersive analysis (EDS) was performed
to determine the elemental composition of the nanoparticles [19]. The results of the EDS spectra
revealed major peaks corresponding to iron (Fe) and oxygen (O), confirming the presence of iron oxide
as the main component of the NP-FeO-CLs. The absence of significant impurities supports the purity
of the synthesized nanoparticles. This analysis, in combination with SEM observations, provides a
comprehensive characterization of the NP-FeO-CLs, highlighting their potential for environmental
remediation applications [20].
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Figure 6. SEM—EDS analysis of NP-FeO-CL: (A) analyzed area and (B) corresponding
spectrum.
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4.1.4. SEM and EDS analysis after Pb adsorption

The SEM analysis performed after the Pb adsorption process showed that the iron oxide
nanoparticles functionalized with C. lanatus (NP-FeO-CL) remain present and keep their major
characteristics. Images obtained with 5 pm and 10 pm scales showed that the particles maintained their
uniform morphology, being predominantly spherical or nearly spherical. Furthermore, although some
signs of aggregation were observed, the nanoparticles remained distinguishable and structurally intact.

Regarding dimensions, the initial measurements of NP-FeO-CL taken in images with 2 um and 5
um scales showed sizes ranging from 0.05 pm to 0.15 pum. After the adsorption process and
considering the present images with 5 pm and 10 pm scales, a slight increase in the average particle size
was observed, with values varying between 0.1 um and 0.75 pm for the 5 um scale (Figure 7A), and
between 0.25 um and 1 um for the 10 um scale (Figure 7B). This increase in dimensions could be
attributed to the formation of a Pb surface layer or chemical interaction processes between the metal
and the functional groups of the nanoparticles. EDS analysis (Figure 8) supported these observations
by confirming the persistence of the major elements, iron (Fe) and oxygen (O), in the particles. The
peaks corresponding to these elements indicated that the core of the NP-FeO-CLs were not significantly
altered, demonstrating that the nanoparticles remained stable and functional after the adsorption
process. Although no clear Pb peaks were identified in this analysis, this could be due to a
heterogeneous distribution of the adsorbed metal or the need for further analysis in specific areas.

; by ‘.‘ ,,
SED, 20.0kV _
.SE0 ES ¢ N

Figure 7. SEM analysis of NP-FeO-CL after Pb adsorption at different scales: (A) Sum
and (B)10 pm.
SEM images and EDS data confirmed that the NP-FeO-CLs remained present after the Pb
adsorption process, maintaining their structure and functionality. The slight variation in particle size

suggested a successful interaction with the metal, probably through the formation of a surface layer.
These results demonstrated that NP-FeO-CLs were effective and stable as adsorbent agents in this
context, with no evidence of significant degradation after interaction with Pb.

AIMS Environmental Science Volume 12, Issue 4, 653—682.
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Figure 8. EDS analysis of NP-FeO-CL after Pb adsorption.

Comparison between SEM and EDS analysis before and after the Pb adsorption process showed
that the NP-FeO-CLs retained their structure, uniform morphology, and functionality as adsorbent
agents. The slight changes in particle size observed in SEM were attributed to the interaction with Pb,
while EDS data confirmed that the main core of the nanoparticles remained unchanged, with no signs
of degradation. The absence of detectable Pb signals in EDS may be due to the low concentrations
employed (ppm), demonstrating the need for complementary techniques to characterize adsorbed trace
elements. These results highlight the stability and effectiveness of NP-FeO-CL for environmental
remediation applications.

4.1.5.  FTIR analysis after adsorption of Pb

The following analysis compares the FT-IR spectra of C. lanatus functionalized iron oxide
nanoparticles (NP-FeO-CL) before and after lead adsorption. In the region around 3380-3370 cm’!,
corresponding to the stretching vibrations of the -OH groups, a shift from 3386.39 cm-! (before
adsorption) to 3370.96 cm! (after adsorption) was observed. This shift suggested interactions between
the -OH groups of the nanoparticles and the lead ions, possibly through hydrogen bonding or
coordination. The band located around 1630 cm™', associated with C=0 or C=C vibrations, showed a
shift from 1627.63 cm™! (before adsorption) to 1639.2 cm™! (after adsorption). This shift indicated
possible structural modifications or interactions between the carbonyl or aromatic groups of the
nanoparticles and the lead ions. In the region near 1088.37 cm™, attributed to C-O vibrations, the band
present before adsorption was not detected after the process. This suggested that the groups responsible
for this vibration actively participated in the interaction with lead, altering its original
configuration [21].

Finally, in the low frequency region (<600 cm™), characteristic of Fe-O vibrations, the band at
566.969 cm! before adsorption was still visible, indicating that the inorganic structure of the
nanoparticles remains intact after adsorption [21].

Overall, the observed changes in the FT-IR spectra suggested that the functionalized nanoparticles
effectively interacted with lead ions, mainly through organic functional groups such as -OH, C=0, and
C-O, while the iron oxide matrix remained stable. This confirmed the functionalization and
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effectiveness of NP-FeO-CLs in the lead adsorption process.
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Figure 9. FT-IR of NP-FeO-CL after Pb adsorption.

4.2. Analysis of the Pb removal process

4.2.1. Effect of contact time

1

1
1000 500

To evaluate the influence of time on Pb removal in aqueous solutions, a 2 mg/L solution of

deionized water containing a Pb standard was prepared. To this solution, 0.05 g of iron oxide

nanoparticles was added and kept in agitation for 5 minutes, taking aliquots every minute. The results

showed that in the first minute, 84.21% of the Pb was removed, which was considered a positive result,

since any removal above 70% was considered effective. At the end of five minutes, removal reached

91.40%. These results are comparable and optimal in relation to other studies [22], suggesting that the

material used is effective for Pb removal in the time evaluated. In Figure 10, the results obtained from

the contact time are shown.

AIMS Environmental Science
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Figure 10. Relationship of time with Pb removal. Test conditions: 2 mg/L; 150 rpm;
T=25 °C; V=100 ml; adsorbent mass = 0.05 g.

4.2.2.  Effect of adsorbent quantity

The effect of the adsorbent dosage of NP-FeO-CL on the removal of Pb from aqueous solutions
with an initial concentration of 2 mg/L was investigated. Dosages of 0.01, 0.05, 0.1, and 0.5 g of the
nanomaterial were evaluated under constant stirring for 5 minutes. The results revealed a non-linear
relationship between the adsorbent mass and removal efficiency. A maximum efficiency of 91.40%
was achieved with a dosage of 0.05 g. However, upon increasing the dosage to 0.1 g and 0.5 g, the
efficiency markedly decreased to 72.49% and 36.10%, respectively (Figure 11). This behavior
suggested that beyond an optimal concentration, the excess nanoparticles tend to agglomerate or
aggregate. This phenomenon reduces the active surface area available for Pb adsorption, thereby
diminishing the overall process efficiency [23].

AIMS Environmental Science Volume 12, Issue 4, 653—-682.
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Figure 11. Relationship between the amount of NP-FeO-CL and Pb removal, Test
conditions: 2 mg/L; 150 rpm; pH = 4; T=25 °C; V=100 ml; t = 5 min.

4.2.3.  Effect of pH

How pH affects Pb removal in aqueous solutions was investigated by experimenting with 4
solutions of 2 mg/L deionized water containing a Pb standard. The pH values were adjusted to 1 and 3
by the addition of HCI, and to 5 and 7 by the addition of 1 M NaOH.

Under extremely acidic conditions, with a pH of 1, Pb removal was very low, reaching only 7.16%.
This was probably due to the decrease in the loading of the iron oxide nanoparticles and the formation
of precipitates, which reduced the availability of active sites for adsorption. At pH 3, the removal was
slightly improved, reaching 42.47%. At pH 4, the removal increased significantly, reaching 91.40%,
indicating that this level of acidity is optimal for Pb adsorption on iron oxide nanoparticles. However,
when increasing the pH to 7 by adding NaOH, the removal efficiency decreased, obtaining a maximum
of 68.78%, suggesting that it is not as effective in more neutral conditions. In addition, the zero charge
point of the adsorbent was analyzed, which was at 11.5, evidencing that the efficiency of iron oxide
nanoparticles does not depend on the point of zero charge (PZC), but on the electrostatic forces of
magnetite [24]. In Figures 12 and 13, the obtained pH results are shown.

AIMS Environmental Science Volume 12, Issue 4, 653—-682.
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Figure 12. Effect of pH. Test conditions: 2 mg/L; 150 rpm; T=25 °C; V=100 ml; t = 5 min.
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Figure 13. PZC. Test conditions: 2 mg/L; 150 rpm; T=25 °C; V=100 ml; t = 5 min.
4.2.4.  Effect of Temperature

We aimed to determine the optimal experimental parameters for Pb retention using NP-FeO-CL

AIMS Environmental Science Volume 12, Issue 4, 653—-682.
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revealed that temperature has a significant impact on the removal efficiency. At 25 °C, 91.40% Pb
removal was achieved while increasing the temperature to 35 "C and 45 °C, the efficiency decreased
to 84.79% and 81.79%, respectively. These results, compared with the data presented in the study by
Xu W, et al. [25], suggest that the removal at these temperatures is still quite efficient. This behavior
indicates that Pb adsorption on the surface of NP-FeO-CLs is most effective at moderate temperatures.
At higher temperatures, the particles may have higher mobility and kinetic energy, which reduces the
adsorption affinity between nanoparticles and Pb ions. In addition, alterations in the structure of the
nanoparticles or additional chemical reactions may occur that affect the efficiency of the process.
Figure 14 shows the results of the temperature effect.

94

92

90

88

86

% Adsorption of Pb

84

82

80 71T rrr—T1TrrrrTrr T T T T T T T T T T T T
25 30 35 40 45 50

Temperature °C

N
o

Figure 14. Effect of temperature. Test conditions: 2 mg/L; 150 rpm; V=100 ml; t =5 min.
4.2.5.  Effect of the initial amount of Pb

The influence of the initial concentration of Pb on the removal efficiency was evaluated with
contractions of 2, 3,4, 5, 7, 10, and 15 mg/L. It was observed that when the initial concentration was
2 mg/L, the removal efficiency was 91.40%, which represents the highest value recorded. When
increasing the initial concentration to 4 mg/L, the efficiency decreased to 81.58%, and at 10 mg/L, it
decreased even more to 65.94%. However, when increasing the initial concentration to 15 mg/L, the
efficiency increased slightly to 66.73%, showing that the adsorption of the nanoparticle was not
completely saturated compared with [26]. These results indicated that Pb adsorption on NP-FeO-CL
is more effective at moderate initial concentrations, which could be due to a saturation of the active
sites of the nanoparticles at lower concentrations and an increase in the availability of Pb ions to adsorb
at higher concentrations. Figure 15 shows the results of the effect of the initial amount of Pb.
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669

100 -

90

85

% Adsorption of Pb
o0
[e)

75
70 -

] —o
65 -
60-'"llllllIlllllllllllllllllllllllllllll

0 2 4 6 8 10 12 14 16

Concentration of Pb (mg/L)

Figure 15. Effect of the initial concentration of Pb. Test conditions: 150 rpm; T=25 °C;
V=100 ml; t= 5 min.

4.3. Adsorption isotherms

Adsorption isotherms were evaluated using the Langmuir, Freundlich, and Temkin models to
describe the adsorption of Pb on NP-FeO-CL. In the Langmuir isotherm, the adsorption process was
characterized as a homogeneous monolayer on the surface of the adsorbent. It was assumed that all
adsorption sites of the adsorbent material possessed equal binding energies, with each site binding to
the adsorbate [27] The linearized form of the Langmuir isotherm is expressed as follows:

Ce 1 Ce

angmuir: — =

= —+ 1
a9 qm XKL qn M

Where qm represents the maximum sorption capacity expressed in (mg/g), and KL is the Langmuir
equilibrium constant (L/mg).

The Freundlich isotherm describes heterogeneous and multilayer adsorption occurring on the
porous surface of the adsorbent and is expressed as follows:

1
Freundlich: Logq = Log Kf +ELogCe 2)

Where Kf is the Freundlich constant (mg !"/" g ~! L /") related to the adsorption capacity and 1/n
(dimensionless) is the adsorption intensity.

The Temkin isotherm model takes into account adsorbate interactions, especially for energies higher
than those of physical interactions. Unlike other models, the coverage decreased linearly with energy than
logarithmically and considered a maximum binding energy [28]. The linear representation of the Temkin
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model is expressed as follows:

Temkin: ge = ELn Ar + ELnCe 3)
by by

Where RT/bT (J mol™) represents the Temkin constant associated with heat of sorption, while A
(L g™) is the equilibrium binding constant. R (8.314 J mol™ K™) is the universal gas constant, and T
(K) denotes the absolute temperature of the solution.

According to the results obtained, the Freundlich model fitted more accurately to the experimental
data, showing an adsorption capacity KF = 16.99 mg/g and a correlation coefficient R2 = 0.94. This
suggests that the adsorption follows a multilayer trend, indicating greater flexibility in the adsorption
process and reflecting the heterogeneity of the nanoparticle surfaces [29]. Furthermore, the
heterogeneity factor n resulted in a value of 1.97 L/mg, and since the value of n is greater than 1, it is
concluded that the adsorption is physical between Pb ions, and the surface of their NP- FeO-CL is
favorable [30]. On the other hand, the Langmuir model presented a lower correlation coefficient R2 =
0.77 and a calculated maximum adsorption capacity of qm = 47.16 mg/g. The Temkin model applied
to adsorption yielded an equilibrium constant AT = 7.93 L/g, indicating a significant affinity between
the adsorbent and the adsorbate, while the value of bT = 259.10 J/mol suggested considerable
adsorption energy; however, desorption may also occur. Nevertheless, the coefficient of determination
R?=0.78 indicated a moderate fit of the model to the experimental data, suggesting that although the
adsorption process involves interactions between the adsorbent and the adsorbate, the Temkin model
may not fully capture its behavior [31]. The higher coefficient of the Freundlich constant reinforced the
suitability of this model for the specific system [32], as shown in Table 1 and in Figures 16, 17, and
18, and the results obtained in the Langmuir, Freundlich, and Temkin models are shown.

Table 1. Langmuir, Freundlich, and Temkin models.

Langmuir Model Freundlich model

gm (mg/g) KL (L/mg) R’ Kf (mg/g)  n (L/mg) R’
47.16 0.64 0.77 16.99 1.97 0.94
Temkin Model

Ar(L/g) br (J/mol) R’

7.93 259.10 0.78
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Figure 16. Pb (1I) adsorption isotherms on NP-FeO-CL according to the Langmuir model.
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Figure 18. Pb (II) adsorption isotherms on NP-FeO-CL according to the Temkin model.

4.4. Adsorption kinetics

The adsorption kinetics of Pb on NP-FeO-CL was studied using pseudo-first-order, pseudo-
second-order, and Elovich kinetics models. The pseudo-first-order linear model can be expressed as
follows:

In(qe — q¢) = In(qe—max — k1t) (4)

Where ki is the adsorption rate constant (min '), q. (mg/g) is the adsorption capacity at
equilibrium, q: (mg/g) is the adsorption capacity at time t (min), and ge-max (Mg/g) is the maximum
amount adsorbed.

The pseudo second-order model describes the chemisorption process that occurs between vacant
sites on the adsorbent surface and the Pb (II) ion [33]. The pseudo second-order linear model is
expressed as follows:

L1 e (5)
% qe

The Elovich kinetics model describes systems where the adsorption rate decreases exponentially
with time due to the heterogeneity of the adsorbent surface. This model is particularly useful for
describing processes where chemical reactions play an important role in adsorption [34]. The linear
form of the model is represented as follows:
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o« 1

qe Bln(aﬁ)+ Bln(t) (6)

Where P represents the adsorption constant associated with activation energy of chemisorption
(g 'mg), and «a is the initial adsorption rate (mg/g.min).

Table 2 and Figures 19, 20, and 21 summarize the kinetic constants obtained in the experiment. A
comparison of the R? values from both models revealed that the pseudo-second-order model exhibited
a superior R? of 0.99. This analysis indicated that the adsorption of Pb (II) is a rapid process that
effectively utilizes the available sites on the nanoparticles, and it is further influenced by chemical
reactions between the metal ions and active sites. Moreover, this phenomenon occurs in chemical
reactions between the metal ions and active sites. The rate constants (K1 = 0.61) and the equilibrium
adsorption capacity (qe = 3,87) were determined from the experimental data and compared with the
theoretical values. According to the study by Martini S, et al. [35], it can be confirmed that the pseudo-
second-order model adequately describes the adsorption kinetic process in this system. The values
obtained from the Elovich model indicated an efficient adsorption process in the studied system.
Parameter 3, with a value of 2.27 mg/g, represented the maximum amount of adsorbate that could be
adsorbed per unit mass of the adsorbent, while the value of a, at 290.89 mg/(g.min), suggested a high
initial adsorption rate, indicating that the process occurred rapidly at the beginning [36]. Additionally,
the coefficient of determination (R?) of 0.94 indicated a good fit of the model to the experimental data,
suggesting that the adsorption dynamics in this system followed the trends described by the Elovich

model.
Table 2. Kinetic Model Parameters.
Pseudo 1st order model Pseudo 2nd order model
qe(mg/9) K; (min™) R Ki qe(mg/9) R
(gmg~/9)
1.05 0.36 0.92 0.61 3.87 0.99
Elovich Model
B (mg/g) o mg/(g.min) R’
2.27 290.89 0.94
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4.5. Thermodynamic study

The adsorption process implies three essential thermodynamic parameters: Enthalpy AH®, entropy
AS®, and Gibbs free energy AG®. These parameters were calculated using the following equations:

AG® = —RT Ink,

As®  AH®
Ink, = = " RT

Where R is the ideal gas constant (8.314 J/mol/K) and Kc is the thermodynamic equilibrium
constant.

Upon graphing In Kc versus 1/T, a line with a slope and intercept that enabled the respective
calculation of the parameters of AH® and AS°® was obtained. Table 3 presents the results of the
thermodynamic parameters. The negative AH® value (-45.33 kJ/mol) indicated that the adsorption
process was exothermic [37]. On the other hand, the negative values for AG® at the three temperatures
suggested that the adsorption was spontaneous and energetically favorable. Moreover, the negative
AS° value (-132.50 kJ/mol - K) suggested a decrease in the level of randomness in the solid-liquid
interphase [38]. These results are coherent with the findings [39], where it is reported that the
adsorption process for mercury with the adsorbent used is also spontaneous and exothermic.
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Table 3. Thermodynamic values for the adsorption of Pb.

Ln Kc AG® (kJ/mol) AH°(kJ/mol ™) AS°(k))
2.37 -5887.38 -45.33 -132.50
1.71 -4401.86

1.51 -3945.96

4.6. Retention capacity in mining water samples fortified with Pb

A study was carried out on samples of water in areas adjacent to mining activities in the Zaruma
region, specifically in the VIVANCO Beneficiation Plant. The analyses revealed an extremely acidic
pH, with values that oscillated between 2.22 and 2.45. Additionally, the electrical conductivity varied
between 1,103 puS/cm and 1,291 uS/cm, surpassing the standard of 1,000 puS/cm, indicating a high
concentration of ions in the water. As for the alkalinity, levels of CaCO3 were registered between 0.19
mg/L and 1.76 mg/L, suggesting a possible dissolution of geological matter; these values were
considered low compared with the CaCO3 standard of 75 mg/L, according to various studies. Finally,
the turbidity level was between 1.09 NUT and 5.17 NUT, indicating a moderate level of suspended
particles as sediment or organic matter.

Table 4. Physicochemical parameters and presence of heavy metals in surface waters from
the VIVANCO Beneficiation plant (Zaruma-Ecuador).

Physicochemical =~ Parameters  Unit M1 M2 M3 M4
Alkalinity mg/L 1.76 0.25 0.24 0.19
TDS mg/L 6.47 12.35 6.65 6.62
Conductivity uS/cm 1103 1291 1199 1189
pH 2.45 2.22 2.26 2.35
Turbidity NTU 4.36 2.61 5.17 1.09
Heavy metals Unit TOTAL

Mercurio (Hg) ug/L 0.77

Lead (Pb) ug/L 2.59

Copper (Cu) ug/L 0.64

Chromium (Cr) ug/L 0.029

Cadmium (Cd) ug/L 0.003

Additional tests were conducted to evaluate the Pb removal capacity in mining water samples
collected from the VIVANCO Beneficiation Plant in Zaruma, from El Oro province. The results
indicated that the removal efficiency was notably high in the first 5 minutes, reaching 91%. This
suggested that the adsorption process for Pb on NP-FeO-CL was very effective in its initial stages,
possibly due to the high availability of active sites on the nanoparticles and the rapid interactions
between the Pb ions and the nanoparticles in the solution, which can be observed in Figure 22.
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5. Discussion

The results obtained in this study demonstrate the high efficiency of iron oxide nanoparticles
functionalizing with watermelon rind extract (NP-FeO-CL) in the adsorption of Pb(II) ions from
aqueous solutions. Characterization through FT-IR, SEM, and UV-Visible confirmed the successful
formation of the nanoparticles and their structural stability before and after the adsorption process.
Spectroscopic analysis revealed the presence of key functional groups that facilitate interaction with
Pb(Il) ions, explaining the observed retention efficiency [40]. Regarding adsorption capacity, the
Freundlich model provided the best fit to the experimental data (R?=0.94), indicating a heterogeneous,
multilayer adsorption process. This suggests that the active sites on the NP-FeO-CL surface exhibit
different adsorption energies, favoring Pb(II) retention. Furthermore, parameter n > 1 confirms that the
adsorption process is favorable. Although the Langmuir model also showed a good fit (R* = 0.91), it
suggests a monolayer adsorption process, with a maximum adsorption capacity qmax=20.85 mg/g.
The Temkin model revealed significant affinity between the adsorbent and the adsorbate, with an AT
value of 7.93 L/g and bT of 259.10 J/mol, though its determination coefficient (R? = 0.78) indicated a
moderate fit. This suggests that while interactions between the adsorbent and adsorbate are important,
other factors may influence adsorption [41]. On the other hand, the Elovich model showed a good fit
to the studied system, with an adsorption constant B of 2.27 mg/g and a high initial adsorption rate o
of 290.89 mg/(g.min), confirming that adsorption follows a mechanism that decreases exponentially
over time due to the heterogeneity of the adsorbent surface [42]. Kinetic analysis showed that the
adsorption process follows a pseudo-second-order model (R? = 0.99), indicating that the adsorption
rate is regulated by the availability of active sites on the adsorbent surface. This implies that the
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interaction between Pb(II) ions and NP-FeO-CL is rapid and reaches equilibrium within the first
minutes of contact [43]. The thermodynamic study revealed that adsorption is a spontaneous and
exothermic process at moderate temperatures (25-35 °C), although its efficiency decreases at higher
temperatures. This may be due to possible destabilization of the nanoparticles or desorption of Pb(II)
under elevated thermal conditions, suggesting that adsorption is predominantly physical and
temperature-dependent [44]. Tests on water samples from mining environments reinforced the
applicability of NP-FeO-CL under real conditions. Adsorption efficiencies above 90% were observed
within the first minutes of the process, confirming its potential as a fast and effective strategy for the
remediation of heavy metal-contaminated water. These findings position NP-FeO-CL as a sustainable
alternative for water treatment, promoting the use of low-cost materials with minimal environmental
impact [45].

6. Future perspectives

The watermelon rind, a frequently discarded agricultural waste, has found an innovative
application in the synthesis of iron oxide nanoparticles (NP-FeO-CL). This approach not only
promotes the reuse of an underutilized material but also harnesses the antioxidant compounds present
in the rind to enhance the adsorption of heavy metals, such as lead (Pb), in aqueous solutions, achieving
a remarkable adsorption efficiency of 93%. Furthermore, these nanoparticles are cost-effective,
sustainable, and offer significant advantages compared to conventional technologies. The need to
explore solutions like this is becoming increasingly urgent, given the growing issue of water
contamination resulting from mining activities and its severe repercussions on the environment and
human health. As communities seek sustainable and accessible alternatives, it is essential to continue
researching and optimizing the use of natural materials, such as watermelon rind. These investigations
will not only improve the effectiveness of water treatment processes but also stimulate the economic
development of producing regions, such as Ecuador, thereby promoting a comprehensive approach to
sustainability and environmental responsibility.

7. Conclusions

This study demonstrates that NP-FeO-CL is a highly efficient and sustainable tool for the removal
of Pb(Il) from aqueous solutions. Its adsorption capacity, best fitted to the Freundlich model (R? =
0.94), confirms its suitability for heterogeneous, multilayer processes, with a KF value of 16.99 mg/g
and a heterogeneity factor n = 1.97. Additionally, the pseudo-second-order kinetics model (R = 0.99)
indicates rapid interaction between lead ions and the nanoparticles’ active sites, achieving a removal
efficiency of 91.40% in just 5 minutes of contact. From a thermodynamic perspective, the process is
spontaneous and favored at moderate temperatures, with a AG® of -5.89 kJ/mol at 25 °C, although
efficiency decreases at higher temperatures. This suggests the need to optimize operating conditions
to maximize nanoparticle stability. Furthermore, tests on contaminated water from mining
environments confirmed its feasibility under real conditions, reaching adsorption efficiencies above
90% within the first minutes. The green synthesis approach employed in the production of NP-FeO-
CL not only provides an efficient material for heavy metal removal but also contributes to the

AIMS Environmental Science Volume 12, Issue 4, 653—-682.



679

valorization of agro-industrial waste, promoting circular economy principles and reducing
environmental impact. Overall, these findings highlight the great potential of NP-FeO-CL as an
accessible and eco-friendly alternative for the purification of heavy metal-contaminated water.
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