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Abstract:
This study investigates the adsorption performance of spinel nanostructures-embedded graphene
oxide (GO) for removing toxic Pb2+ ions from water. The graphene oxide nanocomposites con-
taining Fe3O4, CoFe2O4, and NiFe2O4 nanoparticles were synthesized and characterized. The
NiFe2O4/GO nanocomposite exhibited the highest Pb2+ adsorption capacity, reaching 96.1%
removal at 75 minutes contact time with initial Pb2+ concentration of 10 ppm. The CoFe2O4/GO
nanocomposite achieved 90.3% Pb2+ removal under similar conditions, while Fe3O4/GO showed
88.8%. Kinetic studies revealed the adsorption followed a pseudo-second-order model with R2

values of 0.99-1.00. The adsorption mechanism involves surface adsorption on GO sheets and
spinel nanoparticles. The nanocomposites demonstrated good recyclability, maintaining over
65% removal efficiency after three consecutive cycles. This study provides insights into design-
ing effective adsorbents for mitigating potentially toxic elements pollution in water, addressing
environmental and public health challenges.
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1. Introduction

Potentially toxic elements pollution is a significant envi-
ronmental and health concern. Industrial activities, mining,
improper waste disposal, and consumer products contribute
to the accumulation of toxic elements like lead in the envi-
ronment. This contamination disrupts ecosystems, contami-
nates air, soil, and water, and poses health risks, including
neurological disorders and cancer [1, 2]. Lead is a highly
toxic and persistent threat with significant health implica-
tions. Exposure occurs through contaminated water, food,
and inhalation of lead particles. Lead is highly toxic, es-
pecially for children’s developing brains, causing learning
disabilities, decreased IQ, ADHD, and impaired cognition.
Prenatal exposure can lead to low birth weight, premature
birth, and developmental delays. Lead interferes with red
blood cell production, causing anemia, fatigue, and reduced
oxygen transport. Prolonged exposure damages kidneys,
increasing risks of chronic kidney disease and hypertension.
It elevates cardiovascular risks like heart attacks and strokes.

It accumulates in bones, interfering with formation/remodel-
ing, leading to low bone density, osteoporosis, and fracture
risk. Ingestion causes gastrointestinal issues like abdominal
pain, nausea, vomiting, and constipation. Mitigating lead
exposure is crucial for safeguarding public health, espe-
cially vulnerable groups like children and pregnant women
[3–5].
Efforts to mitigate toxic elements pollution, particularly
lead contamination, have spurred research on efficient wa-
ter adsorbents. Adsorption is favored for its simplicity,
cost-effectiveness, and high removal efficiency. Specially
designed adsorbent materials with large surface areas selec-
tively capture and remove toxic elements ions from water
sources. While natural and conventional adsorbents like
clays, agricultural waste, and activated carbon have been ex-
plored, innovative nanocomposite materials show promising
adsorption capabilities for toxic elements removal [4–12].
Innovative material design, surface modification, and incor-
poration of nanomaterials have resulted in highly porous
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and reactive adsorbents with impressive toxic elements re-
moval capabilities. Additionally, combining adsorption with
techniques like membrane filtration and advanced oxidation
processes show promise for comprehensive water purifica-
tion. Ongoing research aims to develop efficient and cost-
effective adsorbents that have the potential to revolutionize
toxic elements pollution mitigation in water, safeguarding
public health, and preserving water resources.
Graphene oxide-embedded spinel nanostructures are
promising adsorbents for removing toxic elements from
water. These composites combine the exceptional prop-
erties of graphene oxide, such as high surface area and
functional groups, with the robust structure and magnetic
properties of spinel nanoparticles like. The synergy be-
tween the two components enhances adsorption capabilities,
selectivity, and separation efficiency. These composite ad-
sorbents offer advantages such as high binding capacity,
efficient removal, stability, reusability, and potential cus-
tomization. With further optimization, these innovative ad-
sorbents could contribute to more effective and sustainable
strategies for mitigating toxic element pollution, safeguard-
ing water resources, and protecting public health [13–16].
However, a systematic investigation comparing the adsorp-
tion performance of different spinel-GO nanocomposites
for lead removal is lacking.
This work presents an experimental study evaluating the
performance of spinel nanostructures-embedded graphene
oxide for adsorbing Pb2+ ions. The study investigates the
adsorption efficiency and operational parameters of these
nanocomposites. Different graphene oxide-spinel nanocom-
posites are examined to understand the relationship between
properties and Pb2+ affinity. Characterization techniques
probe surface chemistry, morphology, and adsorbent-Pb2+

interactions. The study establishes optimal conditions for
maximizing adsorption efficiency and provides insights for
real-world water treatment applications. The findings con-
tribute to knowledge and guide the design of adsorbents
for removing toxic element contaminants from water. This
work accelerates the development of sustainable solutions
for mitigating toxic elements pollution, addressing public
health and ecosystem preservation challenges.

2. Experiments

2.1 Materials
The materials utilized in this study were ferric chloride
(FeCl3, 98% purity, Merck), ferrous chloride tetrahydrate
(FeCl2 · 4H2O, 98% purity, Merck), cobalt chloride hex-
ahydrate (CoCl2 · 6H2O, 98% purity, Merck), nickel nitrate
hexahydrate (Ni(NO3)2 · 6H2O, 98% purity, Merck), lead
nitrate (Pb(NO3)2, 99.9% purity, Sigma-Aldrich), graphite
flakes (99.5% purity, Sigma-Aldrich), potassium chlorate
(KClO3, 99.5% purity, Merck), nitric acid (HNO3, 65%
purity, Merck), sulfuric acid (H2SO4, 98% purity, Merck),
hydrochloric acid (HCl, 37% purity, Merck), and aqueous
ammonia (NH3(aq), 25% purity, Merck).

2.2 Methods
XRD patterns were obtained using a PHILIPS PW1730
instrument with Cu Kα radiation, within a 2θ range of

10 to 80◦. The patterns were analyzed and indexed us-
ing the JCPDS database files. Fourier transform infrared
spectroscopy (FT-IR) measurements were conducted using
Thermo AVATAR equipment across the 500-4000 cm−1

range. The morphology and particle size were examined
using a TESCAN MIRA III electron microscope operating
in SEM mode. Before imaging, samples were coated with
a thin layer of gold for improved resolution. The metal
concentrations were measured using flame atomic absorp-
tion spectrometry (Varian AA-1275). Ultrasonic apparatus
(Elmasonic 60H) and centrifuge (Universal 320 Hettich)
were used.

2.3 Stock solution of Pb(II) ions
To prepare the stock solution of Pb(II) ions, Pb(NO3)2 were
dissolved in double-distilled water, respectively, to achieve
a concentration of 1000 mg/L. The resulting solutions were
diluted with deionized water to obtain the desired concentra-
tions. The initial pH of the working solution was adjusted
by adding either 0.1 N HCl or 0.1 N NaOH solutions as
needed.

2.4 Adsorption experiments
In the first step, adsorbent (20 mg) was added to metal
solutions (0.05 g/L, 10 mL) at various pH values ranging
from 3 to 7. The mixtures were allowed to interact for 20
minutes, and the optimal pH value for metal adsorption was
determined. Subsequently, the effects of other parameters
including sorbent dosage (0.01-0.05 g), Pb2+ concentration
(5-40 ppm), and contact time (15-75 min.) on the adsorption
of metal ions were investigated. The kinetics of sorption
was determined. The percentage of metal removal (R) was
calculated using the following equation:

R = (C0 −Ct)/C0 ×100

C0 represents the initial metal concentration (mg/L), and
Ct represents the metal concentration (mg/L) at time t. All
experiments were conducted in triplicate, and the average
values were reported.

2.5 Synthesis of graphene oxide, GO
The modified Staudenmaier method was employed to syn-
thesize graphene oxide. In this process, a mixture of nitric
acid (9 mL) and sulfuric acid (27 mL) was combined and
cooled in an ice bath. Gradually, graphite powder (1 g) was
added to the mixture. Subsequently, potassium chlorate
powder (11 g) was slowly dispersed to maintain a tempera-
ture below 20 ◦C. The resulting mixture was stirred at room
temperature for four days. Finally, the resulting black prod-
uct was washed with deionized water until reaching a pH of
7. The resulting residue, identified as graphite oxide, was
dried in a vacuum oven at 60 ◦C [17].

2.6 Synthesis of spinel nanostructures-embedded
graphene oxide

To synthesize the ferrite spinel nanostructures-embedded
graphene oxide, a hydrothermal method was used. Fer-
ric chloride (FeCl3) and ferrous chloride tetrahydrate
(FeCl2·4H2O) in a molar ratio 2:1 were dissolved in 15
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mL of distilled water. Aqueous ammonia (NH3(aq)) was
added gradually until the pH reached 12. Then, 0.1 g of
graphene oxide was added to the solution and stirred for
30 minutes. The mixture was transferred to a Teflon auto-
clave and subjected to hydrothermal treatment at 180 ◦C
for 13 hours. After cooling to room temperature, the pre-
cipitates were separated by filtration and washed with water
and ethanol until the pH of the filtrate was 7. The filtered
precipitates were dried in a vacuum oven at 60 ◦C for 12
hours to obtain the final composite.
For the synthesis of cobalt ferrite (CoFe2O4) and nickel
ferrite (NiFe2O4) spinel-embedded graphene oxide (GO)
composites, a similar procedure was followed. In the cobalt
ferrite synthesis, iron (III) chloride hexahydrate (2 mmol)
and cobalt (II) chloride hexahydrate (1 mmol) were mixed,
and the pH was adjusted by gradually adding ammonium
hydroxide solution (25%) until reaching pH 12. Graphene
oxide (0.1 g) was added and stirred for 30 minutes. The mix-
ture was then transferred to a Teflon autoclave and heated
at 180 ◦C for 13 hours. After cooling to room tempera-
ture, the precipitates were separated, washed with water
and ethanol, and dried in a vacuum oven at 60◦C. Similarly,
for the nickel ferrite embedded graphene oxide synthesis,
iron (III) chloride hexahydrate (2 mmol) and nickel(II) ni-
trate hexahydrate (1 mmol) were mixed. Graphene ox-
ide (0.1 g) was added, and the mixture was stirred for
30 minutes. The subsequent steps, including pH adjust-
ment, transfer to a Teflon autoclave, heating, cooling, sep-
aration, washing, and drying, were performed using the
same protocol as the CoFe2O4/GO synthesis [18]. The syn-
thesized CoFe2O4/GO, NiFe2O4/GO, and previously pre-
pared Fe3O4/GO composites underwent thorough analysis
for characterization purposes. These analyses provided valu-
able insights into the structural properties of the composites,
aiding in their further application and understanding.

3. Results and discussion
X-ray diffraction (XRD) analysis was performed to investi-
gate the structural properties of Fe3O4/GO, CoFe2O4/GO,
and NiFe2O4/GO nanocomposites. In the Fe3O4/GO com-
posite, distinct diffraction peaks corresponding to Fe3O4
nanoparticles were observed at 30.2◦, 35.6◦, 43.1◦, 53.4◦,
57.2◦, and 62.8◦, corresponding to the crystal planes (220),
(311), (400), (422), (511), and (440). These peaks served
as conclusive evidence for the presence of Fe3O4 nanopar-
ticles in the composite. Additionally, characteristic peaks
associated with the graphene oxide phase were observed at
10.5◦ (002), confirming the incorporation of graphene oxide
sheets within the nanocomposite structure (Fig.1) [17].
The XRD patterns of the CoFe2O4/GO and NiFe2O4/GO
composites provided valuable insights into their structural
properties. In the CoFe2O4/GO composite, well-defined
diffraction peaks appeared at 30.7◦, 35.7◦, 42.6◦, 57.1◦,
and 62.8◦, corresponding to specific crystallographic planes
(220), (311), (400), (511), and (440) of CoFe2O4, strongly
indicating the presence of CoFe2O4 nanoparticles in the
composite structure [18]. For the NiFe2O4/GO compos-
ite, prominent diffraction peaks were identified at 22◦,
30.2◦, 35.6◦, 43.4◦, 57.4◦, and 63.1◦, corresponding to spe-

cific planes (111), (220), (311), (400), (511), and (440) of
NiFe2O4, confirming the presence of NiFe2O4 nanoparti-
cles [18]. Clear peaks associated with the graphene oxide
phase were observed at 10◦ for both composites, indicat-
ing the successful integration of graphene oxide within the
composite structures (Figs. 2, and 3).
Overall, the XRD patterns provided compelling evidence of
the respective nanoparticles and graphene oxide, affirming
the successful synthesis of these nanocomposites. These
findings contribute to a better understanding of their struc-
tural characteristics and pave the way for their potential
applications in various fields.
The FT-IR analysis of Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO nanocomposites revealed several character-
istic peaks. The broad absorption band at around 3300
cm−1 corresponds to the stretching vibration of O-H groups.

Figure 1. XRD pattern of Fe3O4/GO.

Figure 2. XRD pattern of CoFe2O4/GO.

Figure 3. XRD pattern of NiFe2O4/GO.
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The absorption band around 3000 cm−1 is primarily due to
the stretching vibrations of the C-H bonds in the hydroxyl
and carboxyl groups of graphene oxide. The peak observed
at about 1700 and 1100 cm−1 are attributed to the stretch-
ing vibration of the carbonyl group (C=O) of carboxylic
acid groups and C-OH in graphene oxide, respectively. The
metal-oxgen bonds vibrations are represented by the peak
observed at about 550-650 cm−1. These peaks confirm the
presence of both spinel structure and graphene oxide in the
nanocomposite (Figs. 4, 5, 6) [17, 18].
The morphology and structure of the spinel nanoparticles
embedded on graphene oxide sheets were examined us-
ing scanning electron microscopy (SEM). The SEM mi-
crographs revealed the successful incorporation of spinel
nanoparticles onto the GO sheets, forming well-dispersed
nanocomposite structures. For the Fe3O4/GO nanocompos-
ite, quasi-spherical Fe3O4 nanoparticles with an average
diameter of 15-20 nm were uniformly distributed across
the wrinkled GO matrix. The CoFe2O4/GO nanocomposite
displayed cubic-shaped CoFe2O4 nanoparticles with sizes
of 15-30 nm densely covering and interconnecting with the
GO sheets. In the NiFe2O4/GO nanocomposite, spherical
NiFe2O4 nanoparticles ranging from 20-40 nm in size were
evenly anchored onto the GO surface, with some degree of
aggregation observed (Figs. 7a, 7b, 7c). The SEM analy-
sis provided visual evidence of the effective embedding of
the spinel nanoparticles onto the GO sheets during synthe-
sis [17, 18]. The nanocomposite structures exhibited good
dispersion and anchoring of the nanoparticles, which can
potentially enhance their adsorption properties and perfor-

Figure 4. FT-IR spectra of Fe3O4/GO.

Figure 5. FT-IR spectra of CoFe2O4/GO.

Figure 6. FT-IR spectra of NiFe2O4/GO.

mance in heavy metal removal applications.

3.1 Pb2+ adsorption
The pH of a solution significantly impacts the removal effi-
ciency of Pb2+ ions. Under acidic conditions, an abundance
of H+ ions leads to an increase in the surface charge and
possibility complexation [19–21]. At low pH, lead com-
pounds become more soluble due to excess protons (H+),
which compete with lead ions for binding sites, thereby
reducing removal efficiency. On the contrary, high pH
(alkaline conditions) decreases the solubility of lead com-
pounds, leading to the formation of insoluble precipitates
like Pb(OH)2. However, it is crucial to note that extremely
high pH values can increase solubility due to the formation
of complex compounds. Therefore, determining the opti-
mal pH range is essential for achieving the highest removal
efficiency. Moderate alkaline conditions are often preferred,
while extreme pH values tend to reduce efficiency. The
adsorption efficiency of Pb2+ ions was investigated using
Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO composites at
various pH values. The results revealed distinct levels of
Pb2+ adsorption efficiency across the examined pH range.
In the case of the Fe3O4/GO composite, the percentage
of Pb2+ adsorption was 71.8% at pH 3, 73.2% at pH 4,
77.7% at pH 5, 75.5% at pH 6, and 74.6% at pH 7. The
CoFe2O4/GO composite displayed higher Pb2+ adsorption
percentages, yielding 86.8% at pH 3, 87.6% at pH 4, 88.4%
at pH 5, 89.2% at pH 6, and 88.15% at pH 7. Notably,
the NiFe2O4/GO composite exhibited even greater Pb2+ ad-
sorption percentages, with values of 88.4% at pH 3, 90.1%
at pH 4, 91.1% at pH 5, 92.7% at pH 6, and 91.8% at pH 7.
These findings highlight the influence of both pH and the
specific composite material on Pb2+ adsorption efficiency
(Fig. 8). The CoFe2O4/GO and NiFe2O4/GO nanocompos-
ites demonstrated superior Pb2+ adsorption performance
compared to the Fe3O4/GO composite across the investi-
gated pH range. Consequently, these nanoomposites exhibit
substantial potential as effective adsorbents for Pb2+ re-
moval, with pH conditions playing a crucial role in their
overall performance.
The effect of Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO
nanocomposite dosage on Pb2+ adsorption efficiency was
investigated. The results revealed a positive correlation
between composite weight and Pb2+ adsorption efficiency
for all three composites. For the Fe3O4/GO composite, in-
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Figure 7. SEM images of a) Fe3O4/GO, b) CoFe2O4/GO, and c) NiFe2O4/GO.

Figure 8. Effect of pH on Pb2+ removal.

creasing the composite weight from 0.01 g to 0.05 g led
to a gradual increase in Pb2+ adsorption efficiency, with
percentages ranging from 70.5% to 80.2%. Specifically, the
adsorption percentages were 70.5% at 0.01 g, 74.3% at 0.02
g, 79.2% at 0.03 g, 79.7% at 0.04 g, and 80.2% at 0.05 g.
The CoFe2O4/GO composite exhibited a similar trend, with
Pb2+ adsorption percentages ranging from 79.9% to 83.4%
as the composite weight increased from 0.01 g to 0.05 g.
The adsorption percentages were 79.9% at 0.01 g, 82.0% at
0.02 g, 82.1% at 0.03 g, 82.7% at 0.04 g, and 83.4% at 0.05
g. Likewise, the NiFe2O4/GO composite showed increasing
Pb2+ adsorption efficiency with higher composite weights.
The percentages of Pb2+ adsorption ranged from 84.5% to
86.3%, corresponding to composite weights of 0.01 g to
0.05 g, respectively. The specific adsorption percentages
were 84.5% at 0.01 g, 85.7% at 0.02 g, 86.0% at 0.03 g,
86.2% at 0.04 g, and 86.3% at 0.05 g (Fig. 9). These find-
ings demonstrate that higher composite weights generally
enhance Pb2+ adsorption efficiency across all three compos-

ites. Among the composites, the NiFe2O4/GO consistently
exhibited the highest adsorption percentages, followed by
the CoFe2O4/GO and Fe3O4/GO composites. In conclusion,
increasing the weight of the Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO composites positively influenced Pb2+ adsorp-
tion efficiency. Higher composite weights resulted in higher
adsorption percentages, with the NiFe2O4/GO composite
exhibiting the highest adsorption efficiency among the three
composites investigated.
The study investigated the influence of contact time on
removing Pb2+ ions using Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO nanocomposites. The results revealed a pos-
itive correlation between contact time and the percentage
of Pb2+ removal for each composite. For the Fe3O4/GO
composite, the percentages of Pb2+ removal increased with
longer contact times, ranging from 80.7% at 15 minutes to
88.8% at 75 minutes. Specifically, the removal percentages
were 80.7% at 15 minutes, 83.8% at 30 minutes, 88.1%
at 45 minutes, 88.4% at 60 minutes, and 88.8% at 75 min-
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Figure 9. Effect of nanocomposites dosage on Pb2+ removal.

utes. The CoFe2O4/GO composite also displayed increasing
percentages of Pb2+ removal with extended contact times,
ranging from 82.9% at 15 minutes to 90.3% at 75 minutes.
The removal percentages were 82.9% at 15 minutes, 86.2%
at 30 minutes, 89.4% at 45 minutes, 89.7% at 60 minutes,
and 90.3% at 75 minutes. Similarly, the NiFe2O4/GO com-
posite demonstrated a consistent trend of improved Pb2+

removal efficiency with longer contact times, ranging from
93.5% at 15 minutes to 96.1% at 75 minutes. The removal
percentages were 93.5% at 15 minutes, 95.1% at 30 minutes,
95.5% at 45 minutes, 95.9% at 60 minutes, and 96.1% at 75
minutes (Fig. 10). These findings suggest that prolonging
the contact time between the composites and the Pb2+ solu-
tion enhances the efficiency of Pb2+ removal across all three
composites. Among the composites, the NiFe2O4/GO con-
sistently exhibited the highest percentages of Pb2+ removal
across all contact times, followed by the CoFe2O4/GO com-
posite. The Fe3O4/GO composite displayed slightly lower
but still notable levels of Pb2+ removal. In conclusion,

the study highlights the importance of increasing contact
time to enhance the efficiency of Pb2+ removal using the
Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO composites.
The NiFe2O4/GO composite demonstrated the highest per-
centages of Pb2+ removal, followed by the CoFe2O4/GO
and Fe3O4/GO nanocomposites.
The continuing aimed to investigate how the concentration
of lead in the solution affects the removal efficiency of Pb2+

using Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO compos-
ites. The results revealed notable variations in Pb2+ removal
efficiency across different lead concentrations for each com-
posite. For the Fe3O4/GO composite, the percentages of
P2+ removal increased with higher lead concentrations up
to 20 ppm, after which the removal efficiency declined.
The specific removal percentages were 81.4% at 5 ppm,
85.6% at 10 ppm, 89.2% at 20 ppm, 88.8% at 30 ppm, and
84.8% at 40 ppm. In the case of the CoFe2O4/GO com-
posite, the percentages of Pb2+ removal followed a similar
trend, with higher removal efficiency observed up to 10

Figure 10. Effect of contact time on Pb2+ removal.
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Figure 11. Effect of Pb2+ concentration on Pb2+ removal.

ppm, and then a gradual decline. The removal percent-
ages were 90.5% at 5 ppm, 94.8% at 10 ppm, 94.3% at
20 ppm, 92.2% at 30 ppm, and 89.3% at 40 ppm. Simi-
larly, for the NiFe2O4/GO composite, the percentages of
Pb2+ removal increased with higher lead concentrations up
to 10 ppm, after which the removal efficiency decreased.
The specific removal percentages were 92.6% at 5 ppm,
96.3% at 10 ppm, 93.2% at 20 ppm, 90.0% at 30 ppm, and
87.8% at 40 ppm (Fig. 11). These findings indicate that
the efficiency of Pb2+ removal is significantly influenced
by the concentration of lead in the solution. In general,
higher lead concentrations resulted in increased removal
percentages, reaching a peak at a certain point (10-20 ppm),
beyond which the removal efficiency started to decline. This
trend was observed across all three composites. Among the
composites, the CoFe2O4/GO consistently exhibited the
highest Pb2+ removal percentages across most lead concen-
trations. The NiFe2O4/GO composite also demonstrated
significant removal efficiency, particularly at lower lead
concentrations. On the other hand, the Fe3O4/GO compos-
ite displayed slightly lower removal percentages than the
other two composites. Therefore, the removal efficiency of
Pb2+ using the Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO
composites is strongly influenced by the lead concentration
in the solution. The CoFe2O4/GO composite generally ex-
hibited the highest removal percentages, followed by the
NiFe2O4/GO composite. The optimal lead concentration for
maximum removal efficiency varied among the composites
but typically ranged between 10-20 ppm.

3.2 Kinetics study

To assess the adsorption efficiency, kinetic models such as
the pseudo-first-order and pseudo-second-order equations
are commonly employed. The pseudo-first-order kinetic
equation is shown by equation 1:

ln(qe −qt) = ln(qe)−k1t (1)

In equation 1, qe and qt represent the adsorption capacity
at equilibrium and at different times, respectively. The rate
constant of the pseudo-first-order model for the adsorption
process is denoted by k1 (min−1).
On the other hand, the pseudo-second-order model suggests
that the rate-limiting step of adsorption is chemisorption,
where adsorption can occur at sites where no interactions
between the adsorbates occur. This model is represented by
equation 2:

t/qt = 1/(k2q2
e)+ t/qe (2)

In equation 2, k2 (g·mg−1·min−1) is the rate constant for
pseudo-second-order adsorption.
The pseudo-first-order model yielded R2 values of
0.86, 0.62, and 0.77 for Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO, respectively, in Pb2+ removal. In contrast,
the R2 values for the pseudo-second-order model using
Fe3O4/GO, CoFe2O4/GO, and NiFe2O4/GO were 0.99,
0.99, and 1.00 (Figs. 12a, 12b, 12c). The results indicated
that the second-order kinetic model provided a better fit for
both nanocomposites. The higher R2 values obtained for the
second-order model suggested it more accurately described
the adsorption kinetics. Consequently, it can be concluded
that the pseudo-first-order model is not highly accurate for
this system. On the other hand, the pseudo-second-order
model showed optimal outcomes and demonstrated effec-
tiveness for Pb2+ removal (Figs. 12d, 12e, 12f).

3.3 Adsorption isotherm study
Adsorption isotherms offer valuable insights into surface
characteristics and adsorption mechanisms. For the purpose
of describing the adsorption mechanism in this study, the
Temkin, Freundlich, and Langmuir isotherms were utilized.
The Temkin isotherm can be represented in a linear form,
as shown in Figs. 13a, 13b, 13c, by the equation 3:

qe = RT/blnKT +RT/blnCe (3)
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Figure 12. Kinetic studies of a,b,c) Pseudo-first-order and d,e,f) Pseudo-second order using Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO on Pb2+ removal.

In the above equation, the values b, K, and R correspond
to the Temkin constant (kJ·mol−1), equilibrium binding
constant (L·g−1), and gas constant (8.314 J·mol−1·K−1),
respectively. The Temkin isotherm model assumes a lin-
ear decrease in the adsorption heat of all molecules as the
coverage of the adsorbent surface increases. This isotherm
elucidates the interactions between the adsorbent and adsor-
bate.
The Freundlich isotherm can be expressed in linear form, as
depicted in Figs. 14a, 14b, 14c, by the equation 4:

logqe = logKf +1/n logCe (4)

In the above equation, 1/n and Kf represent the Freundlich
constants for adsorption intensity and adsorption capacity
per unit concentration, respectively. This model is applica-

ble to reversible and monolayer adsorption, wehich can be
explained by multiple-layer adsorption on heterogeneous
surfaces.
The Langmuir isotherm is illustrated as shown in Figs. 15a,
15b, 15c, and its equation 5 is:

1/qe = 1/Qmax +1/KLQmax(1/Ce) (5)

Here, Ce (mg·L−1) and qe (mg·g−1) denote the dye con-
centration in solution and the quantity of dye adsorbed per
unit mass of nanocomposite at equilibrium, respectively.
Qmax (mg·g−1) represents the maximum adsorption capac-
ity, while KL (L·mg−1) describes the Langmuir constant.
Based on the correlation coefficient (R2), the Langmuir ad-
sorption isotherm demonstrates the best fit. According to
this model, adsorption takes place within homogeneous sites
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Figure 13. Temkin isotherms of Pb2+ removal using a) Fe3O4/GO, b) CoFe2O4/GO, and c) NiFe2O4/GO.

Figure 14. Freundlich isotherms of Pb2+ removal using a) Fe3O4/GO, b) CoFe2O4/GO, and c) NiFe2O4/GO.
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Figure 15. Langmuir isotherms of Pb2+ removal using a) Fe3O4/GO, b) CoFe2O4/GO, and c) NiFe2O4/GO.

on the adsorbent without transference through the surface.

3.4 Pb2+ removal mechanism

The removal mechanism of Pb2+ using spinel-embedded
graphene oxide nanocomposites involves a combination of
physical and chemical processes. These nanocomposites,
consisting spinel nanoparticles like Fe3O4, CoFe2O4, or
NiFe2O4 embedded with graphene oxide sheets, serve as
highly efficient adsorbents for Pb2+ ions. The large surface
area and abundance of functional groups (e.g., hydroxyl
and carboxyl groups) on the GO sheets enable interactions
with Pb2+ ions through electrostatic attractions and coor-
dination bonding. This allows for the adsorption of Pb2+

ions onto the nanocomposite surface. Also, the presence
of spinel nanoparticles within the nanocomposite enhances
its removal capacity. The spinel nanoparticles embedded
in the GO matrix contribute to the overall adsorption ca-
pacity. These nanoparticles provide additional active sites
for Pb2+ ion adsorption due to their high surface area and
unique crystal structure. Therefore, the mechanism of Pb2+

removal using spinel-embedded graphene oxide nanocom-
posites involves surface adsorption. The combination of
GO’s adsorption capability and spinel nanoparticles’ prop-
erties results in a practical approach for removing Pb2+ ions
from aqueous solutions.

3.5 Regeneration and reusability

The reusability of spinel nanostructure embedded graphene
oxide is a significant advantage of this nanocomposite
material. By incorporating spinel nanoparticles like Fe3O4,

CoFe2O4, or NiFe2O4 into the GO matrix, not only does it
exhibit efficient adsorption capabilities, but it also allows
for easy recovery and recycling. The magnetic properties
of the spinel nanoparticles enable the nanocomposite to
be easily separated from the solution using an external
magnetic field. This magnetic separation process facilitates
the selective recovery of the spinel-embedded graphene
oxide while leaving the treated solution free of the
adsorbent. The recovered nanocomposite was washed or
regenerated for subsequent reuse. The spinel-embedded
graphene oxide nanocomposite has demonstrated excep-
tional recyclability in the adsorption-based removal of
Pb2+. Even after undergoing three consecutive usage
cycles, the nanocomposite maintains an impressive removal
efficiency of over 65%. This highlights the material’s
robust performance and ability to maintain its adsorption
capacity over multiple reuse cycles. The recyclability of the
nanocomposite makes it a sustainable and cost-effective
solution for Pb2+ removal, offering long-term utility
without compromising its effectiveness.
The synthesized Fe3O4/GO, CoFe2O4/GO, and
NiFe2O4/GO nanocomposites offer cost-effective ad-
vantages. The starting materials and synthesis methods
like hydrothermal are relatively inexpensive and scalable.
Their magnetic properties enable easy separation and
adsorbent recovery using an external magnetic field,
eliminating costly filtration/centrifugation steps. Their
excellent recyclability, maintaining over 65% removal
efficiency after three cycles, minimizes frequent adsorbent
replacement and waste. Their high adsorption capacities
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translate to lower adsorbent requirements for a given water
volume. While initial synthesis costs may be slightly higher
than conventional adsorbents, their superior performance,
recyclability, and reduced operational costs make them
cost-effective solutions, especially for treating large
volumes of lead-contaminated water.

4. Conclusion
This study explores the use of spinel nanostructures-
embedded graphene oxide nanocomposites (Fe3O4/GO,
CoFe2O4/GO, and NiFe2O4/GO) as adsorbents for remov-
ing toxic Pb2+ ions from water. The main findings indicate
that the NiFe2O4/GO nanocomposite exhibited the high-
est Pb2+ adsorption capacity, with 96.1% removal achieved
within 75 minutes at an initial Pb2+ concentration of 10 ppm.
The CoFe2O4/GO nanocomposite achieved 90.3% removal
under similar conditions, while Fe3O4/GO showed 88.8%.
The adsorption process followed a pseudo-second-order
model, suggesting chemisorption as the rate-limiting step.
The study highlights the advantages of combining graphene
oxide’s surface area and functional groups with the mag-
netic properties of spinel nanoparticles to create efficient
adsorbents for heavy metal removal. The nanocomposite
approach demonstrated superior performance compared to
studies using individual components. The nanocomposites
also exhibited good regeneration and reusability, maintain-
ing over 65% removal efficiency after three cycles. Further
research should focus on optimizing nanocomposite synthe-
sis, understanding adsorption mechanisms at the molecular
level, exploring selectivity towards other pollutants, con-
ducting pilot-scale studies, and developing cost-effective
synthesis methods. It is essential to consider the study’s
limitations, such as the need for evaluation under real-world
conditions and assessing long-term stability and potential
leaching. Overall, this study contributes to the design of
effective adsorbents for heavy metal removal, addressing
environmental and public health challenges and promoting
sustainable water treatment solutions.
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