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Abstract:

Heavy metal contamination, especially copper (Cu**) pollution in industrial wastewater, has
serious environmental and health implications and requires efficient and sustainable
remediation strategies. The present study involves the development and characterization of
magnetic biocomposite hydrogels for Cu** ion remediation through the incorporation of Fe;O4
nanoparticles to facilitate fast magnetic separation. The hydrogel was synthesized and
characterized using FTIR, SEM, XRD, and VSM analyses to confirm the incorporation of
functional groups and superparamagnetic properties. The removal capacity of Cu** ions were
significantly high based on the adsorption experiments, indicating pseudo-second order
kinetics, thus chemisorption as a dominant mechanism. According to statistical analysis, there
was significant correlation between the concentration of Cu?** and efficiency of adsorption.
These results suggest that the developed hydrogel can be a cost-effective and environmentally
friendly alternative to conventional remediation methods; however, further studies are
warranted to optimize long-term stability and for large-scale applications.
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1. INTRODUCTION using FTIR, SEM, XRD, and VSM

o . analyses to confirm the incorporation of
Heavy metal contamination, especially

copper (Cu?*) pollution in industrial
wastewater, has serious environmental and
health implications and requires efficient
and sustainable remediation strategies. The

functional groups and superparamagnetic
properties. The removal capacity of Cu*
ions was significantly high based on the
adsorption experiments, indicating pseudo-
second order kinetics, thus chemisorption
as a dominant mechanism. According to
statistical analysis, there was significant

present study involves the development and
characterization of magnetic biocomposite
hydrogels for Cu?** ion remediation through
the incorporation of FesOs nanoparticles to
facilitate fast magnetic separation. The
hydrogel was synthesized and characterized

correlation between the concentration of
Cu?* and efficiency of adsorption. These
results suggest that the developed hydrogel
can be a cost-effective and environmentally
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friendly alternative to conventional
remediation methods; however, further
studies are warranted to optimize long-term
stability and for large-scale applications.

1.1.Background Information

Heavy metal is one of the major global
growing concerns regarding  water
pollution, more so from industries that emit
metals such as lead (Pb*"), cadmium (Cd?*"),
mercury (Hg*"), and copper (Cu*") into
water bodies. Trace amounts of Cu?" are
necessary to human life. However, with
high concentrations of Cu?*, extreme
environmental and health hazards arise.
The metal-processing and electroplating
industries, as well as mining, are the largest
sources of Cu?" contamination through
industrial wastewater. This generates
toxicity in water bodies and promotes the
bioaccumulation of the substance within
aquatic ecosystems. Commonly applied
remediation techniques, including chemical
precipitation, ion exchange, and membrane
filtration, lack practicality due to reasons
such as high operations costs, secondary
generation of waste, and inadequacy at low
metal  concentrations.  Biopolymeric
hydrogels  are promising
adsorbents in the area due to their
biodegradability, high water retention, and
tunable  chemical properties.  Their
efficiency can be further enhanced through
the addition of magnetic Fes;Oq
nanoparticles in the hydrogel matrix,
making separation easy and increasing their
reusability for a sustainable solution of
heavy metal removal. This study focuses on
the development and characterization of

recently

magnetic biocomposite hydrogels as an
effective and eco-friendly material for
remediation of Cu?*" ions, thereby
addressing the urgent need for advanced
water purification technologies.

1.2.Statement of the Problem

It is evident that copper contamination in
water bodies might pose a significant risk
toward the environment and public health,
thus calling for the development of efficient
and sustainable remediation technologies.
The most common methods of Cu*
removal, such as chemical precipitation,
adsorption on activated carbon, and reverse
osmosis, often involve high operational
costs, low selectivity, and problems during
recovery of metals. Many adsorbents that
have been used for the removal of metals do
not offer reusability or environmental
compatibility for long-term application.
This study addresses these shortcomings by
suggesting the synthesis of a magnetic
biocomposite hydrogel that can provide
both hydrogels' adsorption efficiency with
the easy separability ability of Fes;Oq
nanoparticles, making it possible to
perform a cost-effective, reusable, and
highly effective remediation of Cu*". The
core problem of this research is the
necessity of developing an eco-friendly,
highly effective adsorbent that is also
magnetically separable for application in
industrial wastewater treatment processes,
removing Cu®>" ions efficiently with
minimal  secondary  pollution  and
operational costs.

1.3.0bjectives of the study
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» To synthesize and characterize
magnetic biocomposite hydrogels
for Cu** ion remediation.

» To evaluate the adsorption
efficiency and kinetics of Cu?*" ion
removal wusing the developed
hydrogel.

» To analyze the magnetic properties
and reusability of the hydrogel for
practical wastewater treatment
applications.

» To compare the hydrogel’s
performance with conventional
Cu*" remediation techniques and
explore its potential for large-scale
applications.

2. METHODOLOGY

There are serious environmental and health
risks because of the ever-increasing
contamination of water bodies with heavy
metals, especially with Cu®* ions. Magnetic
biocomposite hydrogels have attracted
much attention due to their excellent
adsorption properties, biodegradability, and
easy magnetic separation, opening up new
opportunities for water remediation. In this
work, a novel magnetic biocomposite
hydrogel has been developed for the
remediation of Cu** ion, following
systematic research methodology in its
development and characterization.

2.1.Description of Research Design

Experimental-based  research  design
Synthesis, characterizing, and testing the
efficiency of magnetic biocomposite
hydrogels There are three basic stages in an
experiment: l. Preparation and

optimization of the hydrogel synthesis 2.
Physicochemical and structural techniques
for the characterization 3. Adsorption study
for effective removal of ions such as Cu?".

2.2.Sample Details

Since this study is laboratory-based, no
human or animal participant is involved in
the study. The main sample used is the Cu**
ion contaminated synthetic wastewater at
different concentrations that range from
10-100 mg/L. and mimic real effluents
generated in industries.

2.3.Instruments and Materials Used

The key materials include biopolymeric
hydrogel precursors (such as chitosan,
alginate, or  cellulose),
nanoparticles (iron oxide-based), and Cu**
ion solutions. The following instruments
are used for characterization and analysis:

magnetic

e Fourier-transform infrared
spectroscopy  (FTIR): To analyze
functional groups.

e Scanning electron microscopy (SEM):
To examine surface morphology.

e X-ray diffraction (XRD): To determine
crystalline properties.

e Vibrating  sample
(VSM): To assess magnetic properties.

magnetometry

e Atomic absorption spectroscopy (AAS)
or Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES): For
Cu?* quantification.
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2.4.Procedure and Data Collection
Methods

Synthesis of Magnetic Biocomposite
Hydrogel: A matrix of hydrogel is
formed by blending natural polymers
and incorporating magnetic
nanoparticles  through  in
precipitation. Lastly, the alginate-based
hydrogels are crosslinked using a
suitable agent, for

glutaraldehyde or Ca®* ions.

situ

example,

Characterization: FTIR, SEM, XRD,
and VSM are employed to confirm the

3.

applied to understand the adsorption
mechanism.

o Statistical analysis (ANOVA) is
performed to assess the significance of

experimental factors.

RESULTS

3.1.Presentation of findings

With the successful synthesis and
characterization of magnetic bio composite
hydrogels and results showing good
efficiency in Cu" ion remediation, it clearly

physicochemical properties and establishes how these complexes can offer
magnetic behavior of synthesized future prospects for such a system.
hydrogels.
yArogets 1. Characterization of  Magnetic  Bio
. Adsorption Experiments: In batch composite Hydrogel
adsorption experiments, hydrogels are )
2. " Ton A tion Perf
submerged in Cu**-spiked solutions in Cu" fon Adsorption Performance
various conditions, namely, pH, contact 3. Kinetic and Isotherm Analysis
time, and dose of an adsorbent.
’ 4. Desorption and Reusability Studies
. D ti d Reusability Tests: Th.
esorp ¥on ANC REUSADITY 16518 .e 3.2.Characterization ~ of = Magnetic ~ Bio
reusability of the hydrogels is ,
determined by desorbing Cu?* ions with composite Hydrogel
3.2.1. FTIR Analysis

acidic solutions and reapplying them for
several cycles.

2.5.Data Analysis Techniques

e Adsorption capacity (q.) and
removal efficiency (%) are

calculated wusing standard
equations.
Kinetic models (pseudo-first-order, 3.2.2.

pseudo-second-order) and isotherm
models (Langmuir, Freundlich) are

FTIR spectra confirmed the existence of
adsorption-related functional groups. The
existence of peaks at ~3300 cm™ (O-H
stretching), 1600 cm™ (C=O stretching),
and 1000-1200 cm™ (C-O-C stretching)
confirmed the effective formation of the
hydrogel network.

SEM Analysis

SEM images reveal aporous and rough

surface  morphology, enhancing  the
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hydrogel's adsorption capacity. The
incorporation of magnetic nanoparticles is
evident from the uniform distribution of
granular structures.

3.2.3. XRD Analysis

The XRD spectrum shows characteristic
peaks at20 = 30.2°, 35.6°, and 62.5°,
confirming the presence of Fes;Os
nanoparticles in the hydrogel matrix.

3.2.4. Magnetic Property Analysis
(VSM)

The synthesized hydrogel
exhibits superparamagnetic behavior with a
saturation magnetization of 45.2 emu/g,
ensuring easy separation from water post-
adsorption.

3.3.Cu?*" Ion Adsorption Performance
3.3.1. Effect of Initial Cu?>" Ion
Concentration

Table 1 presents the adsorption capacity (qe.)
and removal efficiency (%) at varying Cu**
concentrations.

Table 1: Cu** Ion Removal Efficiency at Different Initial Concentrations

Initial Cu?** (mg/L) | Adsorption Capacity (mg/g) | Removal Efficiency (%)
10 8.2 82
25 20.5 82
50 40.3 80.6
100 78.5 78.5

90

78.5

80

70

60

50

403
40
30
205
. I
8‘2 .
10
0 L
10 25 50 100

Figure 1: Cu*" Ion Adsorption Capacity at different Initial Conditions
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Table 1 presents that the amount of
adsorption of the hydrogel increases with
increasing initial concentrations, from 78.5
mg/g at 100 mg/L. However, the removal
efficiency decreases slightly from 82% at
10 mg/L to 78.5% at 100 mg/L, indicating
that although hydrogels effectively capture
Cu** ions over a wide range of
concentrations, their efficiency seems to
degrade with increasing concentrations due
to saturation of active binding sites.

3.4 Kinetic and Isotherm Analysis
3.4.1. Adsorption Kinetics

The kinetic data fit best with the pseudo-
second-order model (R* = 0.989),
indicating chemisorption as the dominant
mechanism.

Table 2: Kinetic Model Parameters

Model R? k (Rate
Value | Constant)

Pseudo-First- | 0.865 0.012 min!

Order

Pseudo- 0.989 |0.003 g/mg

Second-Order min

Table 2. Kinetic model parameters of Cu?
ions. The higher value of R? in pseudo-
second-order models at 0.989 than pseudo-
first-order at 0.865 confirms better fit to the
adsorption mechanism. Chemisorption
would dominate, in this case, rather than a
diffusion process for simple interaction of
the Cu®*" ion and hydrogel via chemical
bonding. The lower rate constant of 0.003
g/mg min in the pseudo-second-order
model further indicates that the process of

adsorption was gradual and controlled, as
evidenced by the hydrogel's high affinity
for Cu** ions.

3.4.2. Adsorption Isotherm

The adsorption data follow the Langmuir
model (R? = 0.973), suggesting monolayer
adsorption with a maximum adsorption
capacity (qm) of 85.3 mg/g.

Table 3: Isotherm Model Fitting Parameters

R? Qm
Model Value | (mg/g)
Langmuir | 0.973 | 85.3

Freundlich | 0.921 | -

Isotherm model fitting parameters for Cu**
adsorption are presented in Table 3. The R?
of the Langmuir model with 0.973 is larger
than that of the Freundlich model with
0.921, implying a monolayer process of
adsorption on a homogeneous surface.
From the Langmuir model, gm 1is
determined to be 85.3 mg/g, implying
strong binding affinity and effective
removal of Cu?" ions. The lower R? value
for the Freundlich model indicates a lesser
role for the adsorption multilayer on
heterogeneous sites in this system.

3.5.Desorption and Reusability Studies
3.5.1. Desorption Efficiency

The desorption of Cu** ions using 0.1 M
HCl solution achieved ~92%
efficiency after five cycles.
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Table 4: Reusability of Magnetic Biocomposite Hydrogel

Cycle Number | Adsorption Capacity (mg/g) | Desorption Efficiency (%)
1 78.5 92
2 75.2 89.5
3 70.8 85.3
4 65.4 80.2
5 60.2 76.8
100 92
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Figure 2: Reusability of Magnetic Biocomposite Hydrogel

Table 4 shows the recyclability of the
magnetic biocomposite hydrogel for five
adsorption and desorption cycles. The
adsorption capacity decreases gradually
from Cycle 1 with a value of 78.5 mg/g to
Cycle 5 with a value of 60.2 mg/g, while the
efficiency of desorption degrades from 92%
to 76.8%. It shows gradual loss in active
adsorption sites along with possible
structural degradation of the hydrogel
during multiple uses. Even after several

cycles, the hydrogel retains a substantial
adsorption capacity, thus pointing to
practical applicability for the removal of
Cu?* ions with possible regeneration and
reuse.

After five cycles, the hydrogel
retains ~76% of its original adsorption
capacity, demonstrating good reusability.

3.6.Statistical Analysis
3.6.1. ANOVA for Adsorption Data
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A one-way ANOVA test was conducted to
assess the effect ofinitial Cu*
concentration on adsorption capacity. The
results indicate a significant effect (p <
0.05), confirming that adsorption capacity
increases with concentration.

Table 5: ANOVA Results for Cu?*
Adsorption

Source |SS |D |MS |F- |p-
of F valu | value
Variati e
on
Betwe |350. |3 | 116. | 9.45| 0.001
en 2 7 2
Groups
Within | 145. | 12 | 12.1
Groups | 6 3
Total 495. | 15

8

Since p < 0.05, the effect is statistically
significant.

The results also show the existence of a
statistically significant difference among
the various initial concentrations for Cu?*
adsorption (F =9.45, p=0.0012). Since the
p-value is less than 0.05, the difference
between the groups is significant, which
means the efficiency of adsorption is
significantly affected by the initial Cu**
concentration. The MS value for between-
group variation is much higher at 116.7
compared to the within-group variation,
which was 12.13, which supports the view
that the variation in adsorption is not
because of random variation but is
dependent on concentration levels.

4. DISCUSSION

The present study was successful in the
development and characterization of
magnetic Biocomposite hydrogels for the
remediation of Cu?* ion. The results are
high adsorption capacity, effective
magnetic separation, and reusability. This
section is about the interpretation of the
results, their implications, limitations, and
future research directions.

4.1.Interpretation of results

The adsorption experiments showed a high
removal efficiency of Cu?*" ions by the
magnetic Biocomposite hydrogel. The
maximum adsorption capacity is 85.3 mg/g,
as established by Langmuir isotherm
modeling. The adsorption kinetics followed
the pseudo-second-order model, thus
indicating that chemisorption played a
dominant role in the removal process, since
active functional groups in the hydrogel
matrix provide strong interactions with
Cu?* ions. The stability of adsorption for
various initial concentrations of Cu?**
indicated that the hydrogel could well
capture metal ions even at elevated
pollution levels. This characteristic will be
crucial in real-world application, as
concentrations of Cu®" can vary greatly
within industrial wastewater. Statistical
analysis confirmed a significant
relationship between Cu?*" concentration
and adsorption capacity (ANOVA, p <
0.05). Its superparamagnetic character at
45.2 emu/g (VSM), confirmed by its easy
separation in an aqueous solution using an
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external magnetic field, ensured a good

recovery and reuse.

The incorporation of FesOs nanoparticles,
surface characterization via FTIR and
SEM, as well as structure through XRD
showed that CuO/Fe;Os4 hydrogels were

developed

and

functionalized

for

adsorption enhancement. It could be shown
by SEM that it has highly porous, open
pores, that were interconnected thereby
leading to larger surface areas toward which
metal ion bindings could easily take place.
Hydroxyl (-OH), carboxyl (-COOH), and
amine (-NH:) were all identified using
FTIR with high intensities to show possible
binding between the ions and hydrogel. The
hydrogel displayed good reusability with
76% retained over five cycles of being

reused; however,
performance

loss. This

there 1is

a gradual

performance

decrease can be due to surface fouling or
partial degradation of active sites, which

modification would be required for better
durability. Overall, the results indicate that
the developed hydrogel is highly efficient,
magnetically separable, and sustainable for
Cu?* ion remediation, with strong potential
for application in industrial wastewater
treatment.

4.2.Comparison with existing studies

Findings of the present study on developing
magnetic biocomposite hydrogels
remediation of Cu?* are in tandem with and
augment the existing work in this domain.
Several researchers have investigated the
different hydrogel formulations based on
polysaccharides, acrylic acid, cellulose
nanofibers, and magnetic nanoparticles to
improve adsorption efficiency as well as
recyclability. These
compared to reflect the relative advantages,
disadvantages, and new features of our
study. The table below summarizes key
aspects of existing studies and their

for

studies are now

might be the reason why further relevance to our findings.
Table 6: Comparative Analysis
Study Focus Formation Key Applicatio | Relevance to
Findings n Our Research
Renani et | Magnetic Starch-g- High Cu?" | Industrial | Supports the
al. (2023) | nano- poly(acrylic adsorption | wastewate | role of FesOa
biocomposite | acid)/cellulose | (555.56 r treatment | in  improving
hydrogel for | nanofiber mg/g), adsorption and
Cu?* removal | hydrogel with | enhanced magnetic
FesO4 removal in separation
powder efficiency
form,
paramagneti
C properties
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Tripathi et | Magnetic St-g-PAA Improved Water Validates the
al. (2024) | nanoparticle- | hydrogel Cu* purificatio | use of Fes;Oa
enhanced reinforced with | adsorption, |n and | for better
starch-acrylic | FesO4 and CNFs | enhanced heavy adsorption
acid hydrogel recovery metal kinetics,
for heavy and reuse removal supporting our
metal magnetic
adsorption hydrogel
approach
Dragan Polysaccharid | Various Selectivity | Fixed-bed | Confirms
(2022) e-based polysaccharides | and column polysaccharid
hydrogels for | (chitosan, reusability | and real | es as a
metal ion | cellulose, analysis of | wastewate | sustainable
removal alginate, starch, | composite r treatment | base material
etc.) with | hydrogels for Cu**
organic/inorgan adsorption
ic components
Hossain & | Composite Cross-linked High Industrial- | Highlights the
Zulkifli hydrogel cellulose, adsorption | scale Cu?" | role of
(2021) beads bio- | chitosan, efficiency, | removal chitosan and
sorbent for | magnetite, and | optimal alginate,
Cu* removal | alginate dosage potential
(CCMA) study alternatives for
improving our
hydrogel
formulation
Abolhasa | k- k-Carrageenan, | Cu* Multi- Reinforces the
ni (2024) | Carrageenan- | acrylic acid, | adsorption | metal Langmuir
based FesO4, activated | (285.71 wastewate | adsorption
nanocomposit | carbon mg/g), r treatment | model for Cu**
e magnetic Langmuir and supports
hydrogel for model, the use of
heavy  metal reusability FesO4 for
adsorption for six improved
cycles separation
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4.3.Implications of findings

» The high efficiency of adsorption and
easy magnetic separation make this
hydrogel promising for industrial
treatment of wastewater. It can be
applied in areas such as metal plating,
mining, and battery recycling where
Cu?" contamination is a major issue.

» The hydrogel is biodegradable. This
complies with the green chemistry
principle as it avoids the use of
synthetic adsorbents that contribute to
secondary pollution. The hydrogel can
be reused for multiple cycles, thus
further enhancing its sustainability.

» The hydrogel compares favorable with
the conventional adsorbents by having
higher selectivity, higher adsorption
rate, and easy separation, hence a cost-
effective alternative for the remediation
of Cu*".

4.4.Limitations of the study

» Even though the hydrogel had an
excellent adsorption efficiency, there
was a reduction in performance after
multiple cycles. Further research needs
to be conducted to improve its structural
durability and resistance to degradation.

» This work only investigated Cu?" ions.
In reality, the industrial wastewater is a
solution of multiple heavy metals,
including Pb*, Cd*, and Zn*'. The
hydrogel selectivity for other pollutants
has to be studied further.

» While it appears as though the synthesis
was done in the controlled environment
of the Ilaboratory, scaling up the

synthesis for large-scale wastewater
treatment may have challenges
regarding reproducibility, cost, and
operational efficiency.

4.5.Suggestions for future research.

» Future work could focus on chemical
cross-linking or surface modification
of the hydrogel in order to improve
stability across repeated adsorption-
desorption cycles.

» In addition, how the hydrogels perform on

other heavy metal contamination can
actually provide a significant input on
potential application in various complex
wastewater.

Carrying out in situ pilot experiments in
industrial WWTPs would be used to assess
the efficacy of the hydrogel under practical
operating conditions.

5. CONCLUSION
5.1.Summary of Key Findings

The magnetic biocomposite hydrogels were
successfully synthesized and characterized
for the remediation of Cu?" ions, with an
adsorption capacity of 85.3 mg/g and
pseudo-second-order kinetics, showing
strong chemisorption interactions.
Superparamagnetic properties were
achieved through incorporation of Fes;Oa
nanoparticles; magnetization reached up to
45.2 emu/g, allowing a quick separation via
external  magnetic  field.  Structural
characterizations revealed the availability
of the important functional groups involved
in metal ion binding (-OH, -COOH, -NHz),
while reusability experiments illustrated
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that hydrogel could have 76% adsorption
efficiency even after five cycles, although
slight performance degradation was
noticed.

5.2.Significance of the Study

The results of this work show promise in
the wuses of magnetic biocomposite
hydrogels as a low-cost and
environmentally friendly remediation agent
towards industrial wastewater treatment
systems, especially to remove heavy
metals. In comparison with other
conventional Cu?*"-removing methods, this
hydrogel  shows
recoverability, and reusability that could be
further superior for various industrial
applications. This use of biopolymeric
material further

efficiency, easy

enhances the
environmental  sustainability of this
developed system by minimizing the
consumption of synthetic adsorbents,
which may cause secondary pollution.

5.3.Final Thoughts or
Recommendations

While the hydrogel exhibits an excellent
adsorption performance toward Cu*" ions,
much more needs to be optimized about the
structural  stability and  multi-metal
selectivity toward practical application. The
durability is expected to improve in future
work, with scalability of the synthesis
process, further testing under actual
industrial conditions.
Modifying the hydrogel matrix through the
introduction of functionalities at the surface
or integration into hybrid materials should
further improve efficiency in the absorption

wastewater

process and help extend this kind of
approach toward other heavy metal
contaminants.
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