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ABSTRACT: Lead (Pb(ll)) ions in water pose a significant threat to both human health and aquatic ecosystems. Various approaches have been
employed for wastewater treatment, but adsorption is often preferred due to its effectiveness. However, its practical application is limited by the
large quantities of adsorbent required, which consequently increases operational costs. In this study, orange-modified iron-oxide nanoparticles
(O-Fez0,) are synthesized from agro-waste mass (orange peel), and adsorption experiments were conducted for the removal of Pb(Il) from
aqueous solution. Characterization studies confirm that O-Fe;O, nanoparticles possess a mesoporous hexagonal nanocrystalline structure,
with diameters measuring less than 100nm. The adsorption process was optimized using a central composite design framework combined with
response surface methodology. The analysis of interaction effects demonstrated that they significantly influenced the effectiveness of adsorp-
tion removal. The study revealed that an initial concentration of 25mg/L, a dosage of 0.2g/L, a contact period of 90min, and a pH of 5.5 were
the optimum conditions to achieve above 95% of Pb(Il) removal. The green synthesized O-Fe;O, nanoparticles, which presented high efficacy,
makes it a promising option for implementing the sustainable water purification.
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Introduction

Lead (Pb(Il)) is the second most toxic heavy metal, which
comprises 0.002% of Earth’s crust it is naturally found in a very
limited amount but it is mostly produced due to human-made
industries, automobiles, and batteries (Hettiarachchi et al.,
2024). Pb(IT) accumulates in the water and soil as a result of
excessive mining and smelting of Pb-containing metal miner-
als, burning of fossil fuels, and careless use of Pb(II)-containing
chemicals, which has major effects on water and soil lead pol-
lution worldwide (Noman et al., 2022). Recently, the severity of
Pb(II)-contaminated water has rapidly increased throughout
the world (Ahmed et al., 2023).

In addition, approximately 20 million people living in a
high-risk region of Pb(II) contamination (Levin et al., 2021).
Pb(II) occurs in different chemical forms in water, soil, and the
atmosphere, with varying degrees of bioavailability (Liu et al.,
2023). Pb(Il) an easily enter the crops though soil or food
chain, hence harming the plant, animal, and human health (Raj
& Das, 2023). The rapid Pb(II) water contamination and its

toxicity around the world attracted the researcher attention to

develop a novel and effective adsorption method for its treat-
ment (Ghani et al., 2022; Hama Aziz et al., 2023). Up to date,
different advanced technologies such as phytoremediation,
chemical precipitation, electrocoagulation, electro kinetic pro-
cesses, membrane technology, ion-exchanges, and adsorption
method have been applied for the treatment of Pb(II) contami-
nated water (Hussain et al., 2023; Nawab et al., 2021, 2024;
Shaukat et al., 2022; Ullah et al., 2022, 2023; Xie et al., 2022;
Yadgari et al., 2023).

In recent years, the adsorption technique has been widely
used for Pb(II) contaminated water due to its low-cost, sim-
plicity, porous structure, high surface area, stability, compatibil-
ity with soil matrix, high adsorption rate, and more functional
groups, thus making it a promising technique and best future
alternatives for Pb(II) contaminated water remediation (Awual
et al., 2019). Adsorption is a proper Pb(II) treatment method
that has been reported to have >99% removal efficiencies for
Pb(II) treatment without using chemical addition (Gusain
et al, 2019). Specifically, the adsorption method mainly

depends on electrostatic forces between molecules that have
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been adsorbed and the van der Waals separation process (Gan
etal.,2023). However, it is important to note that the effective-
ness of adsorption method can be influenced due to tempera-
ture, acting pH, exposure time, initial concentration of Pb(II),
and adsorbent dose (Nawab et al., 2021, 2023; Tee et al., 2022;
Tholley et al., 2023; Z. Yang et al., 2021).

Currently, numerous types of adsorbents have been effec-
tively used for Pb(II) removal comprising activated carbon
(Zhang et al., 2021), activated alumina (Ebadollahzadeh &
Zabihi, 2020), iron composite (Jin et al., 2023), date palm
leaves (Rambabu et al., 2023), agriculture wastes (Ezeonuegbu
et al., 2021), granular adsorbents (Xu et al., 2020), iron oxide-
coated biochar (Kim et al., 2024), zero valent iron (Tarekegn
et al., 2021), iron oxides-coated sand (Boujelben et al., 2010),
waste-based nano-activated carbon (Rambabu, AlYammahi,
et al., 2021), and chitosan (Lu et al., 2013).

In current research, a series of orange-modified iron-oxide
nanoparticles (O-Fe;0,) with various pH values were syn-
thesized. The chemical composition of synthesized O-Fe;0,
were studied through FTIR, XRD, BET, SEM, and XPS
methods. The use of O-Fe;O, nanoparticles is eco-friendly
due to its natural abundance and biodegradability, minimiz-
ing the need for toxic chemicals and energy-intensive pro-
cesses. Furthermore, the extract bioactive compounds serve
as effective reducing and stabilizing agents, contributing to
sustainable nanoparticles production with minimum envi-
ronmental impacts. This approach aligns with green chemis-
try principles, promoting a more environmentally conscious
method for nanoparticles synthesis. The O-Fe;O, nanopar-
ticles with maximum Pb(II) adsorption capability were
reported. The present study shown the capability of O-Fe;0,
to efficiently adsorb Pb(II) from wastewater and thus pro-
viding theoretical base for agro-waste applications toward
water treatment.

Materials and Methods

Chemicals and reagents

Reagents used in current study namely, Lead Nitrate
(Pb(NO;y),), Sodium Hydroxide (NaOH), Iron powder,
Potassium Permanganate (KMnO,), Hydrochloric acid (HCI),
and Ethanol were of analytical grade and purchased from
Shanghai Macklin Biochemical Co., Ltd. Orange peels were
collected from the local market of Shanghai, China. About
0.1M NaOH and 0.1 M HCI were used for the adjustment of
pH. Whatman 42 filter paper was used for separating the
adsorbent from water. The desired amount of (Pb(NO;),) was
dissolved in deionized water to get 1000 mg/L stock solution
that was used for further experiments.

Preparation of stock solution of Pb(II)

About 1000 mg/L of Pb(II) stock solution was prepared by dis-
solving 1.614g of (Pb(NOs3),) in 11 of distilled water. The

50mg/L standard Pb solution was prepared from 1000 mg/L
Pb(I1) solution by serial dilution method.

Synthesis of FeCl, and FeCl,

A total five (05) g of iron powder was dissolved in 150 mL of
2M HCI solutions to make 150mL of FeCl,. The chemical

reaction is shown in equation (1).
Fe + 2HCl = FeCl, + H, )

A 1M of FeCl; is obtained by adding 1.5g of KMnO, in
78.0mL of 35% HCI and 50 mL of FeCl,. Color was changed
from green to brown after the formation of FeCl;. Both solu-
tions were filtered with Whatman filter paper. Chemical reac-
tion is shown in equation (2).

FeCl, + 1/5KMnO, +8/5HCI = FeCl,+ 1/5 MnCl,
+ 1/5KCl+ 4/5H,0

Synthesis of orange peel extract

The orange peel was collected from local market located at
Shanghai, China. The collected peel was initially washed with
tap water followed by deionized water several times to make it
dust free. Further, the peel was dried at room temperature for
20days in dust free environment. Then, the dried peel was
crushed using pestle and mortar and sieved through 0.5 mm
size of sieve. About 25 g powder was added to 250 mL of dis-
tilled water and sonicated by using probe sonicator for 20 min.
After that the obtained mixture was filtered using Whatman
filter 42 and centrifuged at 4000 rpm for 30 min to remove the
powder particles. The obtained supernatant which acts as cap-
ping agent and reducing agent was cooled at room temperature
and stored in a refrigerator at 5°C temperature for future use.

Synthesis of iron oxide nanoparticles (Fe;0,)

Fe;O, nanoparticles have been synthesized by co-precipitation
method. FeCl; and FeCl, were mixed in 2:1 ratio at open
atmosphere. It may be possible that some portion of FeCl, got
converted into FeCl,. To counteract the converted portion of
FeCl; and FeCl, were mixed with 100 mL of orange peel extract
in 2:1 ratio. Color was changed immediately from yellow to
black after the addition of peel extract. The obtained solution
was then heated at 80°C temperature using heating mantle.
About 1M freshly prepared NaOH was added drop wise to the
solution under continuous stirring mode until the pH of the
solution raised to pH 10. The solution mixture was stirred for
45 min to maintain the homogeneity of the solution during the
reaction process. The overall reaction is given in equation 3.

Fe’* (aq) + Fe*(aq) + H"(aq) + CI (aq)

©)
+ NaOH (aq) Fe,O, + NaCl + H,O
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The prepared Fe;O, nanoparticles was collected by using cen-
trifuge technique. Later, the nanoparticles were washed several
times using deionized water and ethanol to remove the impuri-
ties. The precipitate was kept for drying in vacuum oven for 3
to 4days at 60°C temperature for future use.

Instruments for adsorbent characterization

The analytical techniques, including Fourier Transform
Infrared Spectroscopy (FT-IR; PerkinElmer, USA), X-ray
diffractometer (XRD; Hitachi, Japan), X-ray photoelectron
spectroscopy (XPS; PerkinElmer, USA), Scanning electron
microscopy (SEM; Hitachi, Japan), Scanning electron micros-
copy with energy dispersive X-ray spectroscopy (SEM/EDX;
PerkinElmer, USA) were used to assess the chemical struc-
ture and physical texture of synthesized O-Fe;O, nanoparti-
cles, respectively. High-resolution Transmission Electron
Microscope (HR-TEM; JEOL, USA) was used to measure
the particle size and shape of O-Fe;O, nanoparticles. Field-
emission scanning electron microscopy (FE-SEM; JEOL,
USA) was used for mapping. The amount of Pb(II) ion was
measured using the Inductive coupled plasma-optical emis-

sion spectroscopy (ICP-OES; PerkinElmer, USA).

Theory

To find out the effect of various operating conditions on the
adsorption process batch adsorption study was conducted. To
optimize the maximum removal efficiency of Pb(Il), the batch
experiments were carried out by varying the dose, time, pH,
and initial concentration of the aqueous solution. The removal
efficiency of Pb(II) was calculated as per the following equa-
tion (4) described by Rambabu et al. (2019) and Rambabu,
Thanigaivelan, et al. (2021).

Removalefficiency,R = ((CO - Ce) /C0) *100% (4)

Where, CO=initial concentration of Pb(II) in synthetic Pb(II)
solution in mg/L, Ce=Residual concentration of Pb(II) after
equilibrium in mg/L.

The Adsorption capacity of adsorbent was calculated as per
the following equation (5).

q (mg/gm) = ((CO-Ce) *V)/1000m (5)
Where, 7 =mass of the adsorbent in g and /"=volume of solu-
tion in mL.
Experimental design

To examine the efficiency of Pb(II) adsorption using O-Fe;O,
nanoparticles and to determine the interaction between the
independent process variables on the removal efficiency, differ-
ent experiments were conducted in a holistic way. In current
research, it was reported that the Pb(II) removal efficacy was

found to be highly dependent on initial concentration, pH,
adsorbent dosage, and contact time. Each variable may affect
the removal efficiency differently depending on how much of
an impact it has. As there will be variations in the permutations
and combinations to do experiments for varying ranges of
every variable. Designing the experiment matrix in a way that
minimizes the number of experiments and, consequently, low-
ers chemical waste is therefore necessary. In order to do this, a
methodical approach is taken, and as Table 1 shows, an experi-
mental matrix is created utilizing the face central composite
design (FCCD). The range of each process variable is system-
atically chosen, based on the stronger influence on the adsorp-
tion efficiency. Using the strongest influence on the adsorption
efficiency as a guide, the range of each process variable is rigor-
ously selected. As Table 1 illustrates, 30 sets of experimental
runs representing various space types in a cubic representation
are carried out.

Results and Discussion

Characterization of adsorbent

The shape and elemental characteristics of the synthesized
nanoparticles were examined by SEM, SEM-EDX, and
FE-SEM mapping. A hexagonal form with a diameter of less
than 100 nm and mesoporous crystalline structure is visible in
the SEM image of the manufactured O-Fe;O, nanoparticles as
shown in Figure 1a. Many active sites for the adsorption of
Pb(II) were produced by this porous surface. Additional SEM-
EDX micrographs as given in Figure 1b of the O-Fe;O, nano-
particles show the presence of iron oxide nanoparticles along C
and O, which signifies the capping of iron oxide on orange peel
extract. Iron oxides are present along with O and C, as demon-
strated by the FE-SEM elemental mapping of O-Fe;O, nano-
particles in Figure 1c.

HR-TEM images (Figure 1d—g) further validated the size
and hexagonal crystalline structure of O-Fe;O, nanoparticles.
The TEM analysis clearly confirms that the O-Fe;O, nano-
particles have a hexagonal crystalline form with an average par-
ticle size of approximately 55nm. The absence of substantial
Fe;O, nanoparticles aggregation was observed as shown in
Figure 1e—f. The structure and texture of the synthesized adsor-
bent were examined using X-ray diffraction (XRD) as given in
Figure 2a. The results obtained in this study align with findings
reported by other researchers (Basavegowda et al., 2014). XPS
analysis were carried out to determine the elemental or chemi-
cal composition of the synthesized O-Fe;O, nanoparticles as
shown in Figure 2b. The presence of C, O, and Fe;O, was
clearly observed as given in Figure 2b.

The Fe2p1/2 and Fe2p3/2 peaks from Fe;O, are indicated
by the strong peaks between 710 and 730 eV, together with C1s
at 282¢V and O1ls at 528¢eV. These findings validate the syn-
thesis of O-Fe;O, nanoparticles. Furthermore, the FT-IR was
used to examine the functional groups on the surface and
vibrational characteristics of the O-Fe;O, nanoparticles. The
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Table 1. Design of Experimental Matrix Considered for Pb(ll) Adsorption.

INITIAL CONCENTRATION (G/L) DOSAGE (MG/L) CONTACT TIME (MIN) PB(Il) REMOVAL (%) SPACE TYPE

1 30 0.35 90 5.5 95.12 Factorial
2 30 0.40 55 7.5 69.25 Factorial
3 60 0.55 80 5.5 61.63 Center
4 60 0.55 100 5.5 59.78 Axial

5 60 0.75 90 5.5 75.66 Axial

6 60 0.40 90 5.5 59.98 Axial

7 60 0.55 90 6.5 49.95 Axial

8 60 0.15 90 6.5 43.76 Axial

9 80 0.30 75 5.5 40.16 Factorial
10 80 0.30 50 5.5 30.88 Factorial
11 80 0.50 50 4.5 39.65 Factorial
12 80 0.25 50 4.5 30.10 Factorial
13 60 0.55 80 3.5 60.83 Center
14 60 0.55 80 3.5 61.15 Center
15 40 0.25 75 5.0 58.87 Factorial
16 45 0.50 75 5.0 60.20 Factorial
17 75 0.55 60 6.5 40.80 Axial

18 65 0.65 50 6.0 50.80 Factorial
19 45 0.50 65 7.5 64.79 Center
20 35 0.60 85 5.0 78.98 Factorial
21 55 0.45 80 4.5 60.34 Center
22 35 0.30 55 5.0 55.67 Factorial
23 35 0.60 55 5.0 70.10 Factorial
24 35 0.60 75 5.0 80.55 Factorial
25 50 0.35 60 6.0 65.25 Center
26 55 0.75 70 5.0 55.65 Factorial
27 55 0.75 90 5.5 38.78 Factorial
28 20 0.50 85 7.0 86.14 Axial

29 40 0.55 30 4.0 29.33 Axial

30 30 0.20 30 5.0 60.58 Factorial

mesoporous hexagonal nano-crystalline structure of the
O-Fe;O, nanoparticles is confirmed by the whole characteri-
zation tests. Additionally, UV-Visible spectroscopy was used to
prove the stability and generation of the green synthesized
O-Fe;0, nanoparticles in aqueous solution as shown in Figure
2¢. UV-spectrum indicating the high purity of the synthesized
O-Fe;0, nanoparticles using this technique.

Effect of adsorbent dose variation

The impacts of available active sites on the adsorption process
were investigated by a dose variation test. The experimental
results demonstrated the adsorbent strong adsorption capacity,
with more than 95% removal efficiency at 0.20g/L of adsor-
bent dose as reported in Figure 3. More active sites that are
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onm
Figure 1. (a) SEM image, (b) SEM-EDX elemental analysis, (c) FE-SEM
elemental mapping images, and (d—g) HR-TEM images of O-Fe;0,
nanoparticles.

available for sorption on the surface of O-Fe;O, nanoparticles
often result in an increase in Pb(II) adsorption. At 2.0g/L of
adsorbent, the removal rate achieved 99%. The study concluded
that by adding a small dose of O-Fe;O, nanoparticles to the
aqueous solution, a higher removal efficiency of Pb(II) ions can
be achieved. This enhanced efficiency is due to the O-Fe;O,
nanoparticles high affinity for Pb(II) ions, which allows them
to effectively adsorb and remove the Pb(II) from the solution
even at low concentrations. Noman et al. (2022) reported that
the Pb(II) adsorption was effective at NPs:Pb(II) ratios of 1:5
and 1:10 with the removal efficacy of 90% and 78%, respec-
tively. Tabesh et al. (2018) also tested three different doses of
nano-sized y-AlL,O; nanoparticles such as (100, 50, and
10mg/L) for Pb(II) adsorption. The results proved that when
the nanoparticles were added up to 100mg/L, the Pb(II)
adsorption improved.

(a)

Intensity (a.u.)

10 20 30 40 ' 50 60 70 80

(b)

Intensity(a.u.)
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2
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200 300 400 500 600

Wavelength (nm)

Figure 2. (a) XRD, (b) displays the nanoparticles XPS spectra, and (c)
UV-Visible spectrum of O-Fe;O, nanoparticles.

Effect of contact time and initial concentration

To determine the optimum adsorption time for Pb(II) ions, an
experiment was conducted using O-Fe;O, nanoparticles in an
aqueous solution. The experimental conditions were maintained
with a constant adsorbent dose of 0.2¢g/L and a Pb(II) concen-
tration of 30 mg/L. As illustrated in Figure 4, the removal effi-
ciency of Pb(II) ions increased with longer contact times. The
results indicated that equilibrium was reached at 90min for
Pb(II) ions. Approximately 85% of the Pb(II) was removed
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Figure 3. Effect of dose variation on Pb(Il) adsorption using O-Fe;O,
nanoparticles.
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Figure 4. Effect of contact time on Pb(ll) adsorption using O-Fe;0O,
nanoparticles.

within the 10min of contact time, and almost above 90% was
removed after an additional 30 min. These findings suggest that
a significant portion of Pb(II) ion removal occurs rapidly within
the initial stages of the adsorption process. The reason for this
could be attributed to the O-Fe;O, nanoparticles small size,
which facilitated the diffusion of Pb(II) ions from bulk solution
onto the solid surface-active sites. Regarding the adsorption of
other metal ions onto iron oxide nanoparticles, the short equi-
librium period is consistent with that reported by previous
researchers (Sun et al., 2007; Uheida et al., 2006). Additionally,
according to Pal et al. (2018) the sulfide adsorption on Alg/iron
oxide-NP beads reached equilibrium in less than 3 h.

The purpose of the initial concentration research was to
investigate how the strength of the adsorbate affected the pro-
cess of adsorption. As seen in Figure 5, a very high removal
efficiency (>95%) was achieved up to an initial concentration of
25mg/L at a constant adsorbent dose of 0.2 g/L in the solution.
The removal efficiency then rapidly reduced to 91% when the
initial concentration increased to 40 mg/L. Up to a certain level,
adsorption increases because the adsorbent’s available surface,
or active sites, are large enough to adsorb the majority of Pb(II)
ions at low initially concentrations. The removal effectiveness
decreases with further increases in the initial concentration
because there are no longer enough sites available to absorb
Pb(II). It obviously means that there is enough adsorption
capacity of the adsorbent to remove Pb(II) from water

100 ~
=
< 98
>
Q
c
2 96 A
8
%
® 94 7
>
£
S 92
(-3
90 T T T 1
0 25 50 75 100

Initial concentration (mg/l)

Figure 5. Effect of initial concentration of O-Fe;O, nanoparticles on
Pb(Il) adsorption.

100
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R(%)
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Figure 6. Effect of pH on Pb(ll) adsorption onto O-Fe;O, nanoparticles.

solutions. Noman et al. (2022) reported that the adsorption of
Pb(II) was efficient and approximately 90% of Pb(II) removed
with the initial concentration of adsorbent. The adsorption of
Pb(II) with adsorbents was observed with the initial concentra-
tions of 95 and 162 mg/L, respectively. Results showed that the
Pb(II) was adsorbed on the surface of adsorbents quickly, and
equilibrium was attained within 30 min (Nassar, 2010).

Effect of pH on Pb(11) adsorption

The adsorption process is known to be significantly impacted
by pH. The impact of pH on the adsorption process was exam-
ined at various pH intervals in the solution because variations
in pH have a major impact on the chemistry of the metal ions
solution and the surface. The investigation was carried out with
a fixed concentration of Pb(II) 30mg/L and adsorbent dose
0.2 g/L. For Pb (II) solution, the pH value was ranged between
2 and 12. The result presented in Figure 6 indicates a signifi-
cant rise in the percentage of Pb(II) adsorption by O-Fe;O,
nanoparticles, from 10% to 95% at pH 2 to pH 5.5, respec-

tively. Because of the presence of significant positive charge H*
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Figure 7. Effect of coexisting ions on Pb(ll) adsorption using O-Fe;O,
nanoparticles.

ions surrounding the surface of the adsorbent and free Pb(II)
ions in the solution at lower pH values, electrostatic repulsion
cannot remove the Pb(II) ions from the solution (Wang et al.,
2013). As the pH rises, electrostatic repulsion begins to
decrease, which results in an increase in removal efficiency of
Pb(II) ions (Nassar, 2010).

The adsorption efficacy is highly increased at pH 5.5 due to
no electrostatic repulsion. It is evident that Pb(II) ion removal
is pH dependent, with pH 5.5 showing the maximum adsorp-
tion. Such pH effect was reported for the Pb(II) adsorption
using bulk iron oxides (Lee et al., 1998). Increased pH pro-
motes the deprotonation of sorbent surfaces (Prasad et al.,
2022).The adsorption capacity increases as a result of increased
deprotonation because it increases the negatively charged sites.
These sites strengthen the attractive interactions between the
sorbent surface and the Pb(II) ions. However, in the lower pH
range, the predominance of positively charged sites increases
the repulsion forces between the Pb(II) ions and the sorbent
surface, which reduces the adsorption of Pb(II) ions (Xiong
et al., 2021).

Effect of coexisting cations

Wastewater typically contain many cations. Therefore, the
effectiveness of Pb(II) removal may be affected by the presence
of other cations. Thus, the influence of Ca2+, Ni2+, Co2+,
and Cd?+ coexisting cations on Pb(II) adsorption were inves-
tigated. The means of four duplicate runs with newly prepared
samples conducted on various days are given in Figure 7.
Remarkably, the removal effectiveness of Pb(Il) is not signifi-
cantly affected by the presence of these coexisting cations.
However, Ca2+ ions and some of the Co?+, Ni2+, and Cd2+
ions were adsorbed on the surface of O-Fe;O, nanoparticles.
The competitive adsorption ability of metal ions is often
dependent on several parameters, including the metal’s hydra-
tion energy, molecular mass, ion charges, and hydrated ionic

Adsorption efficiency (mg/g) and Tempreture (°C)

140
120
100

80

60
40
20

1 2 3

—o—Tempreture —e—Adsorption efficency

Figure 8. Effect of temperature on the adsorption of Pb(Il) using O-Fe;O,
nanoparticles.

radius (Lv et al., 2005). A multi-surface adsorption is suggested
by the fact that the coexisting cations did not appear to com-
pete with Pb(II) ions for the active sites on the O-Fe;O, nano-
particles (Benjamin & Leckie, 1981).

Effect of temperature

The adsorption process is significantly influenced by tempera-
ture (Rodda et al., 1996). To explore the effects of temperature
on Pb(II) adsorption capability, temperature-dependent exper-
iments were conducted. At various temperatures, the Pb(II)
adsorption isotherms onto O-Fe;O, were investigated, as indi-
cated in Figure 8. The quantity of Pb(II) adsorbed per unit area
of the adsorbent improved with increasing temperature. This
implies the endothermic and spontaneous nature of the adsorp-
tion process. Pb(II) adsorption ability was examined in this
study at three different temperatures, as shown in Figure 8. On
the other hand, the influence of temperature on Pb(II) adsorp-
tion relates to how temperature variations might affect lead ion
adsorption onto a certain material or adsorbent process.

This is usually investigated to learn how temperature
impacts the thermodynamics of the adsorption reaction as
well as the adsorption capacity (S. Yang et al., 2010) carried
out a similar investigation and found that temperature is
important for the adsorption of Pb(II) from water systems.
They also verified that the adsorption process is endothermic
and spontaneous. Zhang et al. (2021) and Z.-H. Huang et al.
(2011) likewise came to the conclusion that an endothermic
process was occurring in their investigation and Pb(II)
adsorption efficiency improved as temperatures increased.
Nassar (2010) conducted a series of experiments at 298, 313,
and 328K to study the influence of temperature on Pb(II)
adsorption. Results showed that the amount of Pb(II)
adsorbed onto Fe;O, nanoparticles increases as the tempera-
ture increased. Pb(II) adsorption may increase with tempera-
ture because of increased ion mobility, which raises the
quantity of ions interacting with active sites at adsorbent sur-
faces. Other researchers have observed similar findings
regarding Pb(II) adsorption on oxide-based surface (Eren,
2009; Y.-H. Huang et al., 2007).
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Table 2. Kinetics Parameters for the Adsorption of Pb(ll) Using O-Fe;O, Nanoparticles (0.2g/L) at pH 5.5.

PB(ll) CONCENTRATION (PPM) QE, TH, MG/G PSEUDO-FIRST ORDER (PFO) PSEUDO-SECOND ORDER (PSO)

QE, CAL, MG/G K QE, CAL, MG/G
10 1712 2.86 0.16 .066 16.10 0.006 .996
20 31.64 21.08 0.03 .014 31.97 0.003 .999

Table 3. Adsorption Isotherm Parameters of Pb(ll) using O-Fe;O, Nanoparticles (0.2g/L) at pH of 5.5 and 90 min.

TEMPERATURE (°C) LANGMUIR

Quax (MG/G)

FREUNDLICH

Ky, MG/G (LUMG)™N

15 30.87 0.33
25 68.00 0.29
60 90.10 0.24

Adsorption mechanism

The adsorption mechanism of Pb(II) ions on O-Fe;O, nano-
particles, which are iron oxide nanoparticles coated with orange
peel extract, involves a combination of physical and chemical
processes. The high surface area and magnetic properties of
O-Fe;O, nanoparticles provide numerous active sites for the
adsorption of Pb(II) ions (Zannotti et al., 2024) . The orange
peel extract coating introduces additional functional groups,
such as hydroxyl (-OH) and carboxyl (-COOH) groups, which
enhance the chemical affinity between the nanoparticles and
the Pb(II) ions (Zannotti et al., 2024). These functional groups
facilitate chemisorption through the formation of strong
chemical bonds with Pb(II) ions, resulting in stable adsorption
complexes (Xiao et al., 2020). Additionally, the negatively
charged surface of O-Fe;O, nanoparticles at certain pH levels
promotes electrostatic interactions with the positively charged
Pb(II) ions, further increasing the adsorption capacity (He
et al., 2016). The combined effects of surface adsorption, elec-
trostatic attraction, and chemisorption contribute to the high
efficiency and rapid removal of metal ions from aqueous solu-
tions (Erattemparambil et al., 2023). This multifaceted adsorp-
tion mechanism underscores the potential of O-Fe;O,
nanoparticles as a highly effective and eco-friendly material for
the remediation of Pb(II)-contaminated water.

Electrostatic attraction is most likely the mode of adsorp-
tion (Liang et al., 2017). The negatively charged surface of the
adsorbent and the Pb(II) exhibit a notably strong electrostatic
interaction in the basic solution. The number of positively
charged and negatively charged sites rises and falls in propor-
tion to the solution decreasing pH (Oladoye, 2022). The
adsorption of Pb(II) ions is not favored by a positively charged
surface site on the nanoparticles because of electrostatic repul-
sion. Furthermore, in an acidic environment with low pH lev-
els, surplus hydrogen ions compete with Pb(II) ions for the
adsorption site, which reduces Pb(II) adsorption.

.996 21.42 2.26 .952

997 16.76 2.40 .966

1999 7.75 1.50 .985
Kinetic model

Pseudo-first order (PFO) and pseudo-second order (PSO)
models were used to examine the experimental equilibrium
kinetic data in order to understand the kinetics of this adsorption
process. The parameters of these two kinetic models are dis-
played in Table 2. The results indicate that the PSO kinetic
model explained the adsorption kinetics more clearly than the
PFO kinetic model. The results also imply that Pb(II) adsorp-
tion kinetics are governed by rate-diffusion-controlled surface
kinetics. For the pseudo-second order reaction model and pseudo
first order reaction model, respectively, the measured correlation
coefficients (R?) values are .996 and .999, respectively.

Isotherm model

To investigate the process of adsorption mechanism, various
isotherm models were employed in conjunction with the iso-
therm data. To examine Pb(II) adsorption behavior, experi-
mental data were applied to the Freundlich and Langmuir
isotherm models. The results are showed in Table 3. To deter-
mine the Freundlich isotherm, K and 7 are the isotherm
parameters. In adsorption research, the Freundlich and
Langmuir isotherms are often utilized models. The Freundlich
model is more adaptable and may describe multilayer adsorp-
tion on heterogeneous surfaces, whereas the Langmuir model
presupposes a monolayer adsorption mechanism on a homoge-
neous surface.

The results as given in Table 3 following the examination
and fitting of the experimental data to both models. The
Langmuir model was found to offer the greatest fit to the
adsorption equilibrium data based on the data presented in
Table 3. This indicates that a monolayer adsorption process on
a homogeneous and uniform surface is the most accurate way
to characterize the adsorption of Pb(II) onto O-Fe;O, nano-
particles. This finding suggests that Pb(II) adsorption onto
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Figure 9. Reusability of O-Fe;O, nanoparticles for adsorption/desorption
of Pb(ll) during five cycles.

O-Fe;O, nanoparticles is a one-layer thick process in practice,
with Pb(II) ions attaching to accessible binding sites on the
surface in a manner consistent with the Langmuir model’s pre-
sumptions. Using O-Fe;O, nanoparticles as an adsorbent,
these insights can be useful in the design and optimization of
adsorption procedures for the removal of Pb(II).

Reusability of adsorbents

A 10-mL solution with an initial Pb(II) concentration of
150mg/L at pH 5.5 is used to calculate the removal efficiency,
or R(%), of Pb(II) over the course of five cycles of adsorption,
desorption, and regeneration as shown in Figure 9. As can be
observed, throughout the course of the five cycles, there was no
significant decrease in the adsorption capacity of O-Fe;O,
nanoparticles. The outcomes showed that O-Fe;O, nanoparti-
cles are suitable for the design of a continuous process since
they may be utilized to remove and recover metal ions from
wastewater across a number of cycles. Regeneration is neces-
sary for commercially accessible adsorbents such activated car-
bons, which are expensive and time-consuming.

In reality, the expensive aspect of the adsorption method is
the regeneration and recovery of spent activated carbons, mak-
ing up to 75% of the overall expenses associated with operation
and maintenance (Jaria et al., 2022). Hence, O-Fe;O, nano-
particles cost-eftective alternative with a fast rate of adsorption;
additionally, it can be easily regenerated and may not even be
required for in situ use.

Limitations and future prospects

The current study successfully proved the effectiveness of
green-synthesized O-Fe;O, nanoparticles derived from orange
peel extract in removing Pb(II) ions from contaminated water,
however, several limitations should be acknowledged. Firstly,
the study primarily focused on laboratory-scale experiments,
which may not fully represent real-world conditions and

challenges encountered in large-scale water treatment facilities.
Secondly, the long-term stability and potential release of nano-
particles into the environment were not extensively investi-
gated. Additionally, the specific interactions and fate of
nanoparticles in complex aqueous matrices and diverse envi-
ronmental settings warrant further exploration. Addressing
these limitations through future research will enhance the
applicability and reliability of O-Fe;O, nanoparticles for sus-

tainable remediation of Pb(II) contaminated water.

Conclusions

The results of this work revealed that O-Fe;O, nanoparticles
could be a viable replacement for traditional adsorbents in the
rapid and highly efficient removal of heavy metal ions such as
Pb(II) from wastewater. Adsorption on the surface of O-Fe;0,
nanoparticles proved to be an effective method for removing
Pb(II), a common metal ion found in wastewater. Equilibrium
was reached in less than 30 min due to the highly rapid adsorp-
tion. Additionally, initial Pb(II) concentration, pH, and tempera-
ture all had a significant impact on adsorption. At pH 5.5, the
greatest removal was noted. Adsorption further increased as tem-
perature and Pb(II) initially concentration increased. Additionally,
the adsorption isotherms have been determined and found to be
well-fitting to the Freundlich model as compared to the Langmuir
model, with both models providing suitable descriptions.

The adsorption of Pb(II) onto O-Fe;O, nanoparticles was
found to be spontaneous, endothermic, and physiosorbed due
to the thermodynamics of the process. Studies on regeneration
and desorption showed that nanoparticles can be used continu-
ously without affecting their ability to adsorb substances. As a
result, O-Fe;O, nanoparticles are suggested as simple and
cost-effective adsorbents for the efficient removal and recovery
of metal ions from wastewater discharges.
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