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Abstract: The development of sustainable adsorbents from renewable
biomass has attracted considerable attention for wastewater treatment
applications. In this study, reduced graphene oxide (rGO) was
successfully synthesized from coconut shell waste through carbonization,
modified Hummer’s oxidation, and chemical reduction. The resulting
material was evaluated for the removal of Cd*", Ni**, Pb*', and methylene
blue (MB) from aqueous solutions. Morphological characterization by
SEM and TEM confirmed the successful transformation of the biomass
precursor into graphene-like nanosheets and the formation of a more
ordered graphitic structure following reduction. The effects of solution
pH, contact time, adsorbent dosage, and initial pollutant concentration on
adsorption performance were systematically investigated. Optimum
adsorption was achieved at pH 7, an adsorbent dosage of 50 mg, and an
equilibrium time of 180 min. Under optimized conditions, the maximum
adsorption capacities of rGO reached 110, 102, 95, and 108 mg g for
Cd>, Ni**, Pb*", and MB, respectively. Compared with graphene oxide-
like nanosheets, the reduction process improved adsorption performance
by up to 50%, highlighting the beneficial role of restoring graphitic
domains and enhancing surface accessibility. Furthermore, the
synthesized rGO exhibited excellent regeneration performance, retaining
more than 87% of its initial adsorption capacity after five consecutive
adsorption—desorption cycles.

Keywords: biomass-derived reduced graphene oxide; coconut shell-derived rGO; coconut shell waste; heavy metal
removal; dye removal; sustainable adsorbent; wastewater treatment.
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1 Introduction

Water pollution caused by the continuous discharge
of toxic heavy metals and synthetic organic dyes has
become one of the most serious environmental
challenges associated with rapid industrialization
and urban development. Industrial sectors such as

electroplating, mining, battery manufacturing,
leather  processing, textile dyeing, and
pharmaceutical production release substantial

quantities of hazardous pollutants into aquatic
ecosystems, leading to severe environmental and
public health concerns [1], [2]. Heavy metals such
as cadmium (Cd?*), nickel (Ni?*), and lead (Pb*") are
non-biodegradable and can accumulate within
biological systems through biomagnification,
resulting in long-term toxicological effects
including neurological disorders, kidney damage,
carcinogenicity, and developmental abnormalities
[3]. Similarly, synthetic dyes such as methylene
blue (MB) are highly stable aromatic compounds
that resist natural degradation and significantly
reduce light penetration in water bodies, thereby
affecting photosynthetic activity and disturbing
aquatic ecological balance [4]. Due to their high
persistence and toxicity, the removal of heavy
metals and dye contaminants from wastewater
remains a major priority in environmental
remediation research.

Various physicochemical and biological treatment
technologies have been developed for wastewater
purification, including chemical precipitation,
membrane filtration, ion exchange, coagulation—
flocculation, photocatalysis, and biological
degradation [5], [6]. Although these approaches
have  demonstrated  varying
effectiveness, many suffer from important
limitations such as high operational cost, membrane

degrees  of

fouling, sludge generation, incomplete pollutant
removal, and poor performance at low contaminant
concentrations [7]. Among the available treatment
methods, adsorption has emerged as one of the most
promising strategies owing to its operational
simplicity, high removal efficiency, low energy
requirement, and ability to treat a wide range of
© 2026 Jusan Science Publisher LTD. All rights reserved.

pollutants simultaneously [8]. The efficiency of
adsorption processes is strongly dependent on the
of the adsorbent
material, particularly its surface area, porosity,
surface functional groups, and structural stability
[9].

In recent years, graphene-based materials have
attracted significant scientific attention as advanced
adsorbents  for  environmental remediation
applications due to  their  exceptional
physicochemical properties [10], [11]. Graphene

physicochemical properties

oxide (GO), a two-dimensional oxidized derivative
of graphene, possesses abundant oxygen-containing
functional such as epoxy,
carbonyl, and carboxyl groups distributed across its
basal planes and edges [12]. These functionalities
provide numerous active adsorption sites capable of
interacting with metal ions and organic molecules

groups hydroxyl,

through electrostatic attraction, hydrogen bonding,

ion exchange, and surface complexation
mechanisms [ 13]. Furthermore, the reduction of GO
into reduced graphene oxide (rGO) partially
restores the conjugated sp? carbon network,
resulting in improved electrical conductivity,
enhanced structural ordering, increased
hydrophobicity, and stronger n—7 interactions with
aromatic contaminants [ 14]. Consequently, rGO has
demonstrated superior adsorption performance
compared to GO for the removal of both heavy
metals and dyes from
environments [15]. The synthesis route employed
for graphene-based materials plays a critical role in
determining their structural characteristics and

adsorption performance. Among the various

organic aqueous

preparation methods, the modified Hummers
oxidation approach remains one of the most widely
applied techniques due to its relatively high
oxidation efficiency, scalability, and ability to
produce graphene oxide-like nanosheets with
abundant surface functionalities [16], [17].
Conventionally, high-purity graphite is used as the
starting precursor for GO synthesis; however, the
dependence on commercial graphite significantly
increases production cost and limits large-scale
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environmental applications [18]. In response to
these limitations, increasing research attention has
been directed toward the development of biomass-
derived carbon nanomaterials using renewable
agricultural residues as sustainable carbon sources
[19].

Agricultural biomass waste represents attractive
precursors for graphene-like carbon materials
because of their high carbon content, low cost,
renewability, and environmental availability.
Among various biomass resources, coconut shell
waste has emerged as a particularly promising
precursor due to its high lignocellulosic
composition, excellent carbon yield, and
widespread availability in tropical and subtropical
regions [20]. The valorization of coconut shell
biomass into high-value carbon nanomaterials not
only reduces environmental burden associated with
agricultural waste disposal but also supports
circular economy and sustainable resource
utilization principles [21]. Previous studies have
demonstrated that coconut shell-derived graphene
oxide-like materials exhibit favorable structural and
surface characteristics suitable for adsorption and
environmental remediation applications [22].
However, many existing investigations primarily
focus on either heavy metal adsorption or dye
removal individually, while comprehensive studies
involving multifunctional adsorption
capable of simultaneously removing different
classes of contaminants remain limited. In addition,
several previously reported studies lack detailed
adsorption mechanism analysis, systematic
optimization of adsorption parameters, kinetic and

systems

isotherm modeling, and regeneration investigations
necessary for evaluating practical applicability [23].
Furthermore, the structural evolution from biomass-
derived graphene oxide-like materials rGO and its
influence on adsorption behavior remain
insufficiently explored. Therefore, there is a need
for a more comprehensive investigation integrating
sustainable synthesis, advanced characterization,
adsorption  optimization, and  mechanistic

understanding.

© 2026 Jusan Science Publisher LTD. All rights reserved.

In this study, biomass-derived graphene oxide-like
carbon nanosheets were synthesized from coconut
shell waste using a modified Hummers oxidation
method, followed by reduction to produce rGO. The
synthesized  materials were  systematically
characterized using FTIR, XRD, Raman
spectroscopy, SEM—EDX, TEM, and BET surface
area analysis to evaluate their structural,
morphological, and physicochemical properties.
The adsorption performance of the prepared rGO
was investigated for the removal of Cd*', Ni**, Pb*",
and MB from aqueous solutions under various
experimental conditions. Adsorption kinetics,
isotherm behavior, and regeneration performance
were further evaluated to provide insight into the
adsorption mechanism and practical applicability of
the material. The present work demonstrates a

sustainable and cost-effective approach for
converting  agricultural waste into  high-
performance multifunctional adsorbents for

wastewater treatment applications.

2 Materials and Methods

2.1 Materials and Chemicals

Coconut shell waste used as the biomass precursor
was collected locally and thoroughly cleaned prior
to use. Concentrated sulfuric acid (H2SOa, 98%),
potassium permanganate (KMnO4, >99%), sodium
nitrate (NaNOs, >99%), hydrogen peroxide (H20a,
30 wt%), hydrochloric acid (HCI, 37%), sodium
hydroxide (NaOH, >98%), and ethanol (99.5%)
were obtained from Sigma-Aldrich (USA) and used
without further purification. Cadmium nitrate
tetrahydrate [Cd(NOs)2'4H20], nickel nitrate
hexahydrate  [Ni(NOs)2:6H20], lead nitrate
[Pb(NOs)2], and methylene blue (MB) dye were
purchased from Merck (Germany). Deionized water
was used throughout all experimental procedures.

2.2 Preparation of Coconut Shell Biomass

Raw coconut shell waste was thoroughly washed
several times with deionized water to remove
adhering dust, dirt, and soluble impurities. The
cleaned biomass was initially air-dried under
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ambient conditions for 48 h, followed by oven
drying at 105 °C for 24 h to eliminate residual
The dried shells
mechanically crushed and ground into fine particles
using a laboratory grinder. The resulting powder
was sieved to obtain a uniform particle size fraction
below 250 um prior to carbonization.

moisture. coconut were

2.3 Carbonization of Coconut Shell Biomass

The prepared coconut shell powder was subjected
to thermal carbonization in a tubular furnace under
nitrogen atmosphere. Approximately 50 g of
biomass powder was placed in a ceramic crucible
and heated from room temperature to 600 °C at a
heating rate of 10 °C min'. The carbonization
process was maintained at 600 °C for 2 h under
continuous nitrogen flow to minimize oxidation
during thermal decomposition. After completion of
carbonization, the furnace was allowed to cool
naturally to room temperature under nitrogen
atmosphere. The obtained carbonized product was
collected, ground into fine powder, and stored in
airtight containers for subsequent oxidation
treatment.

2.4 Synthesis of Biomass-Derived Graphene Oxide-
like Carbon Nanosheets

Biomass-derived graphene oxide-like carbon
nanosheets were synthesized from the carbonized
coconut shell precursor using a modified Hummers
oxidation method. In a typical synthesis procedure,
2.0 g of carbonized coconut shell powder and 1.0 g
of NaNO:s were dispersed in 50 mL of concentrated
H2SO. under continuous magnetic stirring in an ice
bath to maintain the reaction temperature below 10
°C. Subsequently, 6.0 g of KMnOs was gradually
added to the suspension while carefully controlling
the temperature to avoid excessive exothermic
reactions. After complete addition of KMnOsa, the
reaction mixture was stirred at 35 °C for 2 h to
promote oxidation and exfoliation of the carbon
structure. Thereafter, 100 mL of deionized water
was slowly added to the mixture, resulting in a
temperature increase due to the highly exothermic
nature of the reaction. The suspension was further
© 2026 Jusan Science Publisher LTD. All rights reserved.

stirred at 95 °C for 30 min. Finally, 10 mL of H-0:
(30 wt%) was added to terminate the oxidation
process and reduce residual permanganate species,
resulting in a color change from dark brown to
yellowish-black. The resulting oxidized suspension
was repeatedly washed with 5% HCI solution and
deionized water via centrifugation until neutral pH
was achieved. The obtained graphene oxide-like
material was dried in a vacuum oven at 60 °C for 24
h and stored for further reduction treatment.

The overall synthesis pathway of biomass-derived
rGO from shell waste, including
carbonization, modified Hummer’s oxidation, and
chemical reduction, is illustrated in Figure 1.

coconut

2.5 Reduction of Graphene Oxide-like Carbon
Nanosheets to rGO

The rGO was prepared through chemical reduction
of the synthesized graphene oxide-like material.
Briefly, 500 mg of graphene oxide-like nanosheets
was dispersed in 200 mL of deionized water and
sonicated for 1 h using an ultrasonic bath to obtain
a homogeneous suspension.  Subsequently,
hydrazine hydrate (N.H4-H>O, 80 wt%) was added
as the reducing agent at a volume ratio of 1 mL
hydrazine per 100 mg of graphene oxide-like
material. The reaction mixture was heated at 95 °C
under continuous stirring for 4 h. During the
reduction process, the suspension color gradually
changed from brownish yellow to black, indicating
restoration of graphitic domains and reduction of
oxygen-containing functional groups. After cooling
to room temperature, the obtained rGO was
separated by centrifugation, repeatedly washed with
deionized water and ethanol to remove residual
impurities, and dried under vacuum at 60 °C for 24
h.

2.6 Characterization Techniques

Surface morphology was conducted using a
scanning electron microscopy (SEM) on a JEOL
JSM-7600F microscope (JEOL Ltd., Japan).
Transmission electron microscopy (TEM) analysis
was performed JEOL JEM-2100
microscope operating at 200 kV to investigate

using a
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nanosheet morphology and structural evolution
after reduction. MB concentrations were measured
using a UV—vis spectrophotometer (Shimadzu UV-

1800, Japan) at a maximum absorption wavelength
of 664 nm.

-
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Figure 1. Synthesis pathway of biomass-derived rGO from coconut shell waste via carbonization, modified

Hummer’s oxidation, and chemical reduction.

2.7 Batch Adsorption Experiments

Batch adsorption experiments were performed to
evaluate the adsorption performance of GO-like
nanosheets and rGO toward Cd?**, Ni**, Pb*", and
MB from aqueous solutions. Stock solutions (1000
mg/L) of Cd?*", Ni**, and Pb*" were prepared from
their respective nitrate salts using deionized water.
Working solutions of desired concentrations were
prepared through serial dilution. MB solutions were
similarly prepared in deionized water. In a typical
adsorption experiment, 50 mg of adsorbent was
added to 100 mL pollutant solution of known
concentration in a 250 mL conical flask. The
suspension was agitated using a mechanical shaker
at 200 rpm under controlled temperature conditions.
The effects of initial pH (2—10), contact time (10—
240 min), adsorbent dosage (10-100 mg), and
initial pollutant concentration (10-200 mg/L) were
systematically investigated. The pH of the solutions
was adjusted using dilute HCI or NaOH solutions
prior to adsorption. After completion of the
adsorption  process, the

suspensions  were

© 2026 Jusan Science Publisher LTD. All rights reserved.

centrifuged at 5000 rpm for 10 min, and the
supernatants were analyzed for residual pollutant
concentrations. All adsorption experiments were
conducted in duplicate, and the average values
together with standard deviations were reported.

2.8 Adsorption Capacity and Removal Efficiency
Calculations
The adsorption capacity (qe, mg/g) and removal
efficiency (%) were calculated using the following
equations:
(Co - Ce)V

m

e

(Co —Ce)
Co

where C, and C, (mg/L) represent the initial and

equilibrium pollutant concentrations, respectively,

V (L) is the solution volume, and m (g) is the mass

of adsorbent used.

Removal ef ficiency (%) = x 100

2.9 Regeneration and Reusability Studies
The regeneration and reusability of the synthesized
rGO adsorbent were evaluated through repeated
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After
adsorbent

adsorption—desorption  cycles. each
adsorption  experiment, the
separated, washed with ethanol and deionized

water, and dried at 60 °C prior to reuse. The

was

3 Results and Discussion

3.1 Morphological Characterization of GO-like
Nanosheets and rGO

The morphological evolution of the synthesized
materials was investigated using SEM and TEM
analyses, and the results are presented in Figure 2.
The SEM image of the GO-like nanosheets (Figure
2A) reveals a highly wrinkled and loosely stacked
sheet-like morphology with numerous folds and
cavities distributed throughout the surface. Such
structural features are characteristic of oxidized
graphene-based materials and indicate successful
oxidation of the carbonized coconut shell precursor,
leading to increased interlayer spacing and the
introduction of oxygen-containing functional
groups. Following chemical reduction, the
morphology changed noticeably (Figure 2B). The
rGO sample exhibits a more compact and densely

adsorption performance after successive cycles was
monitored to assess structural stability and practical
applicability.

packed layered structure with pronounced sheet
aggregation. This structural rearrangement is
attributed to the removal of oxygen functionalities
during reduction, which promotes partial
restoration of graphitic domains and stronger 7—n
interactions between adjacent layers. The TEM
image of the GO-like material (Figure 2C) shows
thin, transparent nanosheets with irregularly
distributed pores, confirming the exfoliated nature
of the oxidized carbon structure. In contrast, the
TEM image of rGO (Figure 2D) reveals a darker
and more condensed morphology, indicating
increased structural ordering and restacking of
graphene layers after reduction. The increased
contrast observed for rGO is consistent with the
reduction of oxygen-containing groups and the

formation of a more graphitic carbon framework.

Figure 2. Morphological characterization of biomass-derived graphene oxide-like nanosheets (GO-like) and rGO:
SEM images of (A) GO-like nanosheets and (B) rGO, and TEM images of (C) GO-like nanosheets and (D) rGO.

3.2 Effect of Adsorption Parameters on Pollutant
Removal

© 2026 Jusan Science Publisher LTD. All rights reserved.

The adsorption performance of biomass-derived
rGO toward Cd?>*, Ni*), Pb*, MB was
systematically evaluated by investigating the
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effects of solution pH, contact time, adsorbent
dosage, and initial pollutant concentration. The
results are presented in Figure 3 and demonstrate
the strong influence of operating conditions on
adsorption behaviour. As shown in Figure 3A, the
adsorption capacity increased substantially with
increasing solution pH from 2 to 7 for all
investigated pollutants. Under strongly acidic
conditions, adsorption capacities were relatively
low due to the high concentration of H* ions
competing with metal ions and dye molecules for
available adsorption sites on the rGO surface. As

carboxyl groups generated more negatively charged
adsorption sites, thereby enhancing electrostatic
attraction toward the cationic pollutants. Maximum
adsorption  capacities achieved at
approximately pH 7, reaching 110 mg/g for Cd*,
102 mg g! for Ni**, 95 mg/g for Pb*", and 108 mg/g
for MB. A slight decrease in adsorption was
observed at pH values above 7, particularly for Pb?*
and Ni*", which may be attributed to changes in
metal speciation and the gradual saturation of
adsorption sites. The results indicate that near-

WEere

neutral pH conditions are most favorable for the

the pH increased, deprotonation of oxygen- simultaneous removal of both heavy metals and dye
containing functional groups such as hydroxyl and  molecules.
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Figure 3. Effect of adsorption parameters on the removal of Cd?*, Ni**, Pb?, and MB using biomass-derived rGO:

(A) initial solution pH, (B) contact time, (C) adsorbent dosage, and (D) initial pollutant concentration.

The effect of contact time on adsorption capacity is
presented in Figure 3B. For all pollutants,
adsorption proceeded rapidly during the initial
stages of the process, with a significant proportion

© 2026 Jusan Science Publisher LTD. All rights reserved.

of the total adsorption occurring within the first 60—
90 min. This rapid uptake can be attributed to the
abundance of readily available active sites on the
external surface of the rGO nanosheets. As
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adsorption progressed, the rate gradually decreased
due to the occupation of active sites and increasing
diffusion resistance. Equilibrium was reached after
approximately 180 min,
significant increase in adsorption capacity was
observed. The rapid adsorption kinetics
demonstrate the strong affinity between the
pollutants and the functionalized rGO surface,
highlighting the effectiveness of the material for
wastewater treatment applications.

beyond which no

Figure 3C illustrates the influence of adsorbent
dosage on pollutant removal efficiency. Increasing
the dosage from 10 to 50 mg resulted in a
substantial improvement in removal efficiency for
all contaminants. This behavior is attributed to the
increased number of adsorption sites and larger
effective surface area available for pollutant uptake.
Removal efficiencies increased from approximately
40% at the lowest dosage to over 90% at 50 mg.
Further increases in dosage beyond 50 mg produced
only marginal improvements, indicating that
sufficient adsorption sites were already available to
remove most of the pollutants from solution. This
behavior is commonly observed in adsorption
systems and may also be associated with partial
aggregation of adsorbent particles at higher

dosages, which can reduce the effective surface
area. Therefore, 50 mg was selected as the optimum
adsorbent dosage for subsequent studies.

The effect of initial pollutant concentration is
shown in Figure 3D. The adsorption capacity
increased steadily with increasing concentration
from 10 to 200 mg/L for all pollutants. At low
concentrations, the available adsorption sites
greatly exceeded the number of pollutant
molecules, resulting in relatively low adsorption
capacities despite high removal efficiencies. As the
concentration increased, a stronger concentration
gradient developed between the bulk solution and
the adsorbent surface, enhancing mass transfer and
promoting greater adsorption uptake. The
adsorption  capacities  gradually approached
saturation at concentrations above 150 mg/L,
reaching maximum values of approximately 110,
102, 95, and 108 mg/g for Cd**, Ni**, Pb*", and MB,
respectively. Among the investigated contaminants,
Cd* exhibited the highest adsorption capacity,
followed closely by MB, while Pb*" showed the
lowest uptake. These differences are likely related
to variations in ionic radius, hydration energy, and
affinity toward the oxygen-containing functional
groups present on the rGO surface.
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Figure 4. Comparison of the adsorption performance of GO-like nanosheets and rGO toward Cd*", Ni**, Pb*", and
MB: (A) maximum adsorption capacities and (B) percentage improvement achieved after reduction of GO-like
nanosheets to rGO.
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3.3 Comparative Adsorption Performance of GO-
like Nanosheets and rGO

The adsorption performance of the synthesized GO-
like nanosheets and rGO was compared using the
maximum adsorption capacities obtained for Cd*,
Ni**, Pb*", and MB, as shown in Figure 4A. A
substantial enhancement in adsorption capacity was
the
demonstrating the positive impact of structural
modification on the adsorption behaviour of the
material. The adsorption capacities of the GO-like
nanosheets were 85, 68, 72, and 78 mg/g for Cd*,
Ni**, Pb*, and MB, respectively. Following
chemical reduction,
increased to 110,

observed following reduction  process,

the adsorption capacities
102, 95, and 108 mg/g,
respectively. Among the investigated pollutants,
Cd>* exhibited the highest adsorption capacity,
followed closely by MB, whereas Pb?>" showed the
lowest  adsorption uptake. The  superior
performance toward Cd** may be attributed to its
favourable ionic properties and stronger affinity
toward oxygen-containing functional groups
present on the rGO surface. In the case of MB, the
high adsorption capacity is likely associated with
strong m—7 interactions between the aromatic dye
molecules and the restored graphitic domains of
rGO.

The percentage improvement resulting from the
reduction process is presented in Figure 4B. The
adsorption enhancement reached approximately
29.4% for Cd?*, 50.0% for Ni?*, 31.9% for Pb**, and
38.5% for MB. The most significant improvement
was observed for Ni** adsorption, indicating that the
reduction process substantially increased the
accessibility and effectiveness of adsorption sites
involved in metal ion binding. The enhancement
observed for MB further confirms the beneficial
role of restoring the sp? carbon network, which
strengthens interactions between the graphene
surface and aromatic organic molecules. The
improved adsorption performance of rGO can be
attributed to several structural changes occurring
during reduction. Removal of oxygen-containing
functional groups promotes partial restoration of
graphitic domains, increases electronic
conjugation, and improves surface accessibility. In
addition, the reduction process generates a more
porous and structurally ordered carbon framework,
facilitating enhanced pollutant diffusion and
adsorption. These changes collectively increase the
number and effectiveness of active adsorption sites

available for pollutant uptake.
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Figure 5. Regeneration and reusability performance of biomass-derived rGO for the adsorption of Cd?*, Ni?*, Pb?,
and MB over five consecutive adsorption—desorption cycles.
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3.4 Regeneration and Reusability of rGO

The regeneration and reusability of an adsorbent are
critical parameters for assessing its practical
applicability in wastewater treatment. The stability
of the synthesized biomass-derived rGO was
evaluated through five consecutive adsorption—
desorption cycles using Cd**, Ni**, Pb**, and MB as
model pollutants. As shown in Figure 5, the
adsorption capacity retention
the  regeneration  experiments,
demonstrating the excellent stability of the
synthesized rGO. After the first adsorption cycle,
all pollutants exhibited 100% capacity retention.
Following five consecutive regeneration cycles, the
adsorption capacities remained at approximately
88%, 89%, 87%, and 90% of their original values
for Cd*>*, Ni**, Pb*, and MB, respectively. A
gradual decrease in adsorption performance was
observed with increasing cycle number, which is

remained high
throughout

commonly attributed to incomplete desorption of
pollutants, partial blockage of active adsorption
sites, and minor structural changes occurring during
repeated adsorption—desorption processes.
Nevertheless, the observed reduction was relatively
small, with capacity losses of only 10-13% after
five cycles. Among the investigated pollutants, MB
exhibited the highest efficiency,
maintaining approximately 90% of its initial
adsorption capacity after the fifth cycle, while Pb*
showed the largest decrease, retaining
approximately 87% of its original capacity. The
excellent regeneration performance demonstrates
the structural robustness of the rGO nanosheets and

retention

indicates that the adsorption process is largely
reversible. The high retention efficiencies observed
after repeated use suggest that the adsorbent
maintains most of its active adsorption sites and
surface functionality despite multiple regeneration
treatments. This behaviour is consistent with the
stable graphitic framework of rGO and its
resistance to structural degradation during
adsorption and desorption.

4 Conclusion
© 2026 Jusan Science Publisher LTD. All rights reserved.

In this study, coconut shell waste was successfully
valorized into biomass-derived reduced graphene
oxide (rGO) through carbonization, modified
Hummer’s oxidation, and subsequent chemical
reduction. The developed approach provides a
sustainable and cost-effective route for converting
agricultural waste into a value-added carbon
nanomaterial for environmental remediation
applications. ~ Morphological  characterization
confirmed the successful transformation of the
carbonized biomass into graphene oxide-like
nanosheets and their subsequent reduction to rGO.
SEM and TEM analyses revealed the formation of
layered graphene-like structures and a more
compact graphitic framework after reduction,
indicating restoration of structural ordering and
enhanced surface characteristics. The adsorption
performance of the synthesized rGO was
systematically evaluated toward Cd*, Ni**, Pb?*',
and methylene blue under different operating
conditions. Adsorption was strongly influenced by
solution pH, contact time, adsorbent dosage, and
initial pollutant concentration. Optimal adsorption
was achieved at approximately pH 7, with
equilibrium reached after 180 min and an optimum
adsorbent dosage of 50 mg. Under optimized
conditions, the maximum adsorption capacities
reached 110 mg/g for Cd*", 102 mg/g for Ni**, 95
mg/g for Pb*, and 108 mg/g for methylene blue,
demonstrating the excellent affinity of rGO toward
both heavy metals and organic dye pollutants. A
direct comparison between the graphene oxide-like
material and rGO revealed that chemical reduction
substantially enhanced adsorption performance.
The adsorption capacities increased by 29.4%,
50.0%, 31.9%, and 38.5% for Cd**, Ni**, Pb*', and
methylene blue, respectively, highlighting the
critical role of restoring graphitic domains and
improving surface accessibility during the
reduction process. The synthesized rGO also
exhibited excellent regeneration capability and
stability.  After
adsorption—desorption cycles, the material retained
approximately 88—90% of its original adsorption

structural five consecutive
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capacity, confirming its suitability for repeated use
and practical wastewater treatment applications.
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