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Abstract— Malachite green (MG) is a toxic cationic dye commonly found in textile wastewater and poses serious environmental
and health risks. In this study, coconut shell-derived graphene oxide (CS-GiO) was synthesized and evaluated as an adsorbent
for the removal of MG from aqueous solutions. The material was prepared through carbonization of coconut shells followed by a
modified Hummers method to oxidize coconut shell graphite (CS-Gi) into graphene oxide. Prior to oxidation, the carbonized
material was purified using HF treatment. Structural characterization using FTIR confirmed the presence of oxygen-containing
functional groups, indicating successful oxidation of CS-Gi into CS-GiO. Meanwhile, XRD analysis revealed the characteristic
(002) diffraction plane and showed that CS-GiO exhibited lower crystallinity compared to CS-Gi due to the incorporation of
oxygen functional groups that disrupted the original crystalline structure. Adsorption behavior was evaluated through isotherm
and kinetic studies. The adsorption equilibrium was better described by the Langmuir isotherm model (R? = 0.9957) than the
Freundlich model (R? = 0.9617), indicating monolayer adsorption on relatively homogeneous active sites. The maximum
adsorption capacity (gm) was 35.95 mg g™, with a Langmuir constant (KL) of 37873.42 L mol™ and a separation factor (RL =
0.000995), confirming that the adsorption process is highly favorable. Kinetic analysis revealed that the adsorption follows the
pseudo-second-order (PSO) model (R? = 0.99818), with a rate constant (k;) of 813.63 g mol™ min™ and an equilibrium
adsorption capacity of 0.000349 mol g™, suggesting a relatively rapid adsorption process. The adsorption mechanism is likely
dominated by chemisorption, involving interactions between oxygen-containing functional groups on the CS-GiO surface and
cationic MG molecules through electrostatic attraction, coordination interactions, and possible electron transfer. These findings
demonstrate that CS-GiO derived from coconut shells is a promising adsorbent for the efficient removal of malachite green from
aqueous systems.
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1. INTRODUCTION

The rapid expansion of the textile industry in recent industrial effluents when inadequately treated. The
decades has been primarily driven by escalating global discharge of dye-containing effluents into aquatic
demand for apparel products, coupled with population environments adversely affects water quality by
growth and evolving consumer lifestyles. Textile increasing turbidity and chromaticity, thereby reducing
manufacturing processes are intrinsically reliant on the light penetration and impairing the photosynthetic
extensive use of synthetic dyes to impart desired color  activity of primary producers. Consequently, dissolved
properties and enhance the commercial value of textile oxygen levels decline, disrupting aquatic ecosystems
materials [1]. Nevertheless, the large-scale utilization of and favoring the  proliferation of anaerobic
these dyes results in the generation of dye-laden microorganisms. Moreover, many textile dyes are
wastewater, which represents a major source of chemically stable, poorly biodegradable, and exhibit
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toxic as well as carcinogenic properties, enabling their
persistence and bioaccumulation in aquatic organisms,
which poses long-term ecological and health risks [2].

One of the synthetic dyes widely used is Malachite
Green, which belongs to the triphenylmethane dye
group. This dye is extensively applied due to its high
color intensity, strong affinity for textile fibers, good color
stability, and relatively low production cost, making it
both effective and economically advantageous in dyeing
processes. However, malachite green possesses a
complex and stable aromatic chemical structure,
rendering it resistant to biological and chemical
degradation that can cause serious adverse effects,
including toxic and carcinogenic impacts on human
health [3]. Furthermore, significant threats to ecosystem
balance and environmental sustainability.

Various techniques have been developed to address
dye-containing wastewater, such as advanced oxidation
processes, coagulation—flocculation, biodegradation,
membrane filtration, and adsorption [3]. Among these
methods, adsorption has emerged as one of the most
widely applied approaches due to its simple operational,
low cost, and minimal generation of harmful by-products.
Moreover, adsorption is particularly effective for
removing chemically stable and poorly biodegradable
dyes, even at low concentrations. One promising
adsorbent material for this purpose is graphite oxide, a
derivative of graphite.

Graphite oxide is a graphite derivative produced
through the oxidation of graphite, resulting in the
introduction of various oxygen-containing functional
groups, such as hydroxyl, epoxy, and carboxyl groups,
on the basal planes and edges of the layers [4].
Graphite oxide can be synthesized from various carbon
sources, such as coconut shell, an abundant biomass
waste with high potential as a precursor material.
Coconut shell is characterized by a high carbon content,
a stable aromatic structure, wide availability, and low
cost, making it a promising and sustainable carbon
source for graphite oxide synthesis. Several methods
have been developed for the synthesis of graphite oxide,
including the Brodie, Staudenmaier, and Hummers
methods, among which the Hummers method is one of
the most widely used. The Hummers method offers
several advantages, such as a relatively short synthesis
time, high oxidation efficiency, and simpler experimental
procedure [5-6].

Graphite oxide has been widely reported to exhibit
significant advantages over pristine graphite, particularly
in its application as an adsorbent for wastewater
treatment. Numerous studies have demonstrated that
the presence of oxygen-containing functional groups on
the surface of graphite oxide plays a crucial role in
enhancing hydrophilicity, effective surface area, and the
density of active adsorption sites. These characteristics
enable multiple interaction mechanisms between
graphite oxide and pollutant molecules, thereby
resulting in a higher adsorption capacity. Several
previous studies have reported the successful use of
graphite oxide as an efficient adsorbent for the removal
of various contaminants from aqueous media, including
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anionic dyes, heavy metal ions, and persistent organic
compounds, with high removal efficiencies [7], [8].
However, most existing studies have focused on
graphite oxide synthesized from commercial graphite,
while the utilization of alternative biomass-derived
carbon sources, particularly coconut shell, and
comprehensive investigations into their adsorption
performance toward malachite green remain relatively
limited. Therefore, further research is required to
evaluate the potential of coconut shell-derived graphite
oxide as an effective, sustainable, and environmentally
friendly adsorbent for dye wastewater treatment.

This study aims to (1) synthesize graphite oxide
derived from coconut shell biomass waste using the
Hummers method, and (2) evaluate the adsorption
performance of the synthesized adsorbent through
adsorption isotherm and kinetic studies toward
malachite green dye. The adsorption isotherms were
investigated by fitting equilibrium adsorption data
obtained from varying initial concentrations of malachite
green to the Langmuir and Freundlich isotherm models.
Adsorption kinetics were analyzed by applying time-
dependent adsorption data to the Lagergren (pseudo-
first-order) and Ho (pseudo-second-order) kinetic
models.

2. EXPERIMENTAL SECTION
2.1. Materials

All chemicals (hydrofluoric acid, HF 40% utilized for
the removal of silica impurities; hydrochloric acid, HCI
37%; sulfuric acid, H2SO4 98%; sodium nitrate, NaNOs;
potassium permanganate, KMnOas; hydrogen peroxide,
H202 30%; and Malachite Green) were pro-analysis
provided by Merck®, Germany, without further treatment.
Coconut shells were obtained from a home-based
industry, Mitraaren, Bandung, Indonesia.

2.2. Instrumentation

Fourier transform infrared (FTIR, (Shimadzu Prestige
21) was performed to identify the functional groups of
the material. The crystal analysis was conducted by the

X-ray diffractometer (XRD, BRUKER AXS D8
ADVANCE ECO). A single-beam UV-Visible
spectrophotometer  (GENESYS  series, Thermo

Scientific) was used to measure the concentration of the
solution.

2.3. Synthesis of graphite oxide from coconut shell
(CS-GiO)

Graphite oxide was synthesized using a modified
Hummers method. Coconut shells were crushed into 2—
5 mm particles and carbonized at 200 °C for 1 h to
obtain a partially carbonized precursor, which was
subsequently ground and sieved to 100 mesh. The
sample was washed with 40% HF at 45 °C for 3 h (acid-
to-sample ratio 3:1) to remove impurities, filtered, rinsed
with distilled water until neutral pH, dried at 110 °C for
12 h, and sieved to 200 mesh.
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For oxidation, 2 g of the prepared sample and 0.5 g
of NaNO; were added to 50 mL of H,SO, and stirred for
30 min in an ice bath at 5 °C. Then, 6 g of KMnO, was
gradually added, and the mixture was stirred for 3 h
while maintaining the temperature at ~20 °C. The
reaction was continued at 50 °C for 1 h, followed by the
gradual addition of 100 mL and 200 mL of deionized
water with stirring for 1 h each. Subsequently, 10 mL of
30% H,O, was added, and the mixture was stirred for
30 min. The suspension was washed with 20% HCI (80
mL) and deionized water until neutral pH. The resulting
precipitate was dried at 110 °C for 12 h to obtain CS-
GiO powder, which was characterized using FTIR and
XRD.

2.4. Adsorption isotherms of malachite green on
graphite oxide

For the adsorption isotherm study, 10 mg of CS-GiO
was weighed and contacted with 20 mL of malachite
green solutions with varying initial concentrations of 10,
20, 30, 40, 50, and 75 ppm for 180 min. After
adsorption, the suspension was filtered to collect the
filtrate. The residual concentration of malachite green in
the solution was determined using a UV-Visible
spectrophotometer. The obtained adsorption data were
subsequently fitted to the Langmuir and Freundlich
isotherm models.

2.5. Adsorption kinetics of malachite green on
graphite oxide

For the adsorption kinetics study, 10 mg of CS-GiO
was weighed and contacted with 20 mL of malachite
green solution at an initial concentration of 20 mg/L for
contact times of 5, 10, 20, 30, 40, 50, 60, 75, 90, and
120 min. After adsorption, the suspension was filtered to
obtain the filtrate. The residual concentration of
malachite green was determined using a UV-Visible
spectrophotometer, and the adsorption kinetics data
were subsequently fitted to the Lagergren pseudo-first-
order and Ho pseudo-second-order kinetic models.

3. RESULT AND DISCUSSION

3.1. Stucture Analysis

Graphite oxide derived from coconut shells (CS-GiO)
was synthesized using a modified Hummers method
through several systematic stages. Coconut shells were
crushed into particles of 2—-5 mm to increase the surface
area, thereby enhancing the efficiency of the
carbonization process. Carbonization was carried out at
200 °C for 1 h to obtain high-carbon char. At this
temperature, the initial thermal decomposition of major
biomass components such as cellulose and
hemicellulose occurred, resulting in the formation of
solid carbonaceous material (char). To remove
inorganic impurities such as silica and other mineral
components, the sample was treated with 40% HF. HF
plays a crucial role in dissolving silicate-based impurities
through the formation of soluble fluorosilicate complexes
[9].
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The oxidation step was performed using a modified
Hummers method, originally developed by William S.
Hummers and Richard E. Offeman, with certain
adjustments in reaction conditions. The low temperature
was essential to control the exothermic nature of the
reaction and to prevent excessive oxidation. In this
system, H,SO, acts as an intercalating agent,
expanding the interlayer spacing of the carbon structure,
while NaNO; facilitates the initial oxidation and
generation of reactive species. KMnO, serves as a
strong oxidizing agent, converting the sp?® carbon
framework into oxygen-functionalized carbon containing
hydroxyl (—OH), epoxy (C-O-C), carbonyl (C=0), and
carboxyl (-COOH) groups. The reaction was terminated
by adding 30% H,O,, which reduces residual
permanganate ions and manganese dioxide to soluble
Mn?* ions, typically indicated by a color change of the
suspension to yellowish. The product was washed with
20% HCI to remove residual manganese species,
followed by repeated washing with deionized water until
neutral pH was reached to ensure complete removal of
acidic residues.

The functional groups of the synthesized materials
were confirmed by FTIR analysis, as presented in
Figure 1. A comparison between the spectra of CS-Gi
and CS-GiO was performed to identify changes in
functional groups resulting from the oxidation process
using the modified Hummers method. Both samples
exhibit a broad absorption band in the range of 3620-
3624 cm™, which is attributed to the O-H stretching
vibration. In CS-GiO, the —-OH band at 3620 cm™
appears more pronounced than in CS-Gi, indicating an
increased number of hydroxyl groups after oxidation.
These —OH groups may originate from phenolic
hydroxyls or hydrated carboxylic groups, suggesting an
enhancement in the hydrophilic nature of the material
following oxidation [10].

A significant difference is also observed in the
carbonyl (C=0) region. In CS-Gi, a band appears at
approximately 1695 cm™, whereas in CS-GiO, the band
shifts and becomes more intense at around 1712 cm™.
The shift toward a higher wavenumber indicates an
increased content of carbonyl-containing groups, such

—c¢s-Gi
—¢s-Gi0

Transmittance {(a.u)

3624 c=0 | iOH
-OH

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure 1. FTIR Spectrum of CS-GiO and CS-GiO
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as ketones or carboxylic acids, formed during oxidation
by KMnO,. The more distinct C=0 band in CS-GiO
confirms that the sp? carbon framework has undergone
oxidation, leading to the formation of new oxygen-
containing functional groups. In the region of 1588-1595
cm™, bands corresponding to the aromatic C=C skeletal
vibration of graphitic domains are observed. For CS-Gi,
the band appears at 1588 cm™, while for CS-GiO it is
detected at approximately 1595 cm™. Although the C=C
band remains present in CS-GiO, its relative intensity
decreases compared to the initial carbon material,
indicating partial disruption of the sp? carbon network
due to oxidation and the formation of functionalized sp?®
carbon sites [11].

In the lower wavenumber region around 870-899
cm™, which is associated with out-of-plane aromatic
C=C vibrations, a shift from 870 cm™ (CS-Gi) to 899
cm™ (CS-GiO) is observed. This shift indicates changes
in the chemical environment of the aromatic rings due to
the incorporation of oxygen-containing groups into the
graphitic  structure. Overall, the FTIR spectra
demonstrate that the oxidation process effectively
increases the abundance of oxygen-containing
functional groups in the carbon material.

——cs-Gi
— cs-GiO)|

(002)

26,787/
(002)

£
26,61

Intensity (a.u)
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10 20 30 40 50 60 70 80 90

2-theta (deg)
Figure 2. Diffractogram pattern cs Gi and cs GiO

The X-ray diffraction (XRD) pattern presented in
Figure 2 reveals a pronounced phase transformation
from a crystalline structure to a more amorphous phase
when graphite (Gi) is oxidized to GiO. This change is
shown by the widening of the diffraction peak, which
indicates a higher amount of amorphous phase in the
material [9]. The material becomes even more
amorphous when Gi is oxidized to GiO (Figure 2).
Nevertheless, all samples exhibit relatively similar
diffraction peaks in the range of 26 = 26.61° for Gi (d-
spacing 2.91 A) and 26.78° for GiO (d-spacing 3.75 A).
The peak within the 20 range of 26.61-26.78°
corresponds to the (002) crystallographic plane, which is
characteristic of the graphite structure. The presence of
this peak indicates that the synthesized materials still
retain a certain degree of crystallinity.

Figure 2 reveals a pronounced structural
transformation from a more crystalline graphite structure
(Gi) to a more amorphous graphite oxide structure (GiO)
after oxidation. This transformation is indicated by the
significant broadening of the diffraction peak, suggesting
decreased crystallinity, smaller ordered domains, and
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increased structural disorder due to the introduction of
oxygen-containing functional groups [9,12]. The
oxidation process disrupts the regular stacking of
graphitic layers, resulting in a less ordered carbon
structure. In addition, changes in the diffraction peak
position indicate modifications in the interlayer spacing
associated with the insertion of oxygen functional
groups between the graphite layers. The reduced peak
intensity and broader diffraction profile also suggest the
possibility of partial exfoliation of the graphitic layers
during oxidation. Nevertheless, both samples still exhibit
diffraction peaks in the range of 26 = 26.61° for Gi and
26.78° for GiO, corresponding to the (002)
crystallographic plane of graphite, indicating that a
certain degree of graphitic structure is still retained after
oxidation.

3.2. Adsorption Isotherms
The adsorption isotherm parameters are generated

from the application of experimental data of
concentration variations to the linear models of the
Langmuir and Freundlich isotherms shown in
Equations (1) and (2) [13].

Ce 1 Ceo

€ - _ - € 1

de AmKL Am ( )

10g(q.) = log(Ky) +~1og(C,) (2)

The Langmuir model yielded a linear equation of y =
0.0278x + 0.268 with a coefficient of determination (R?)
of 0.9957, indicating an excellent fit of the adsorption
data to this model (Figure 3). The high R? value
suggests that the adsorption of malachite green (MG)
onto CS-GiO follows the fundamental assumptions of
the Langmuir isotherm, namely adsorption occurring on
a homogeneous surface with identical active sites, the
formation of a monolayer, and the absence of
interactions between adsorbed molecules [13]. The
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Figure 3. Adsorption malachite green by cs-GiO using (a)
Langmuir and (b) Freundlich isotherm model
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Langmuir parameters obtained include a maximum
adsorption capacity (qm) of 35.95 mg/g, a Langmuir
constant (K.) of 37873.42 L/mol, a separation factor (Ry)
of 0.000995, and an R? of 0.9957. The qm value
indicates that CS-GiO possesses a relatively high
adsorption capacity toward MG, while the R, value,
which lies between 0 and 1 and approaches zero,
confirms that the adsorption process is highly favorable.
Furthermore, the large KL value reflects a strong affinity
between MG molecules and the CS-GiO surface.
Overall, these findings confirm that the adsorption of
MG onto CS-GiO proceeds predominantly through
monolayer formation on a relatively homogeneous
surface, consistent with the characteristics of the
Langmuir isotherm model.

The Freundlich isotherm model produced a linear
equation of y = 0.3553x + 2.108 with a coefficient of
determination (R?®) of 0.9617. The corresponding
parameters obtained were KF = 8.23 mg/g and n = 2.81,
with R? = 0.9617. Although the R? value indicates a
good correlation between the experimental data and the
Freundlich model, it is lower than that of the Langmuir
model (R? = 0.9957), suggesting that Freundlich can
adequately describe the adsorption process, but not as
well as Langmuir (Table 1). The value of n greater than
1 (n = 2.81) indicates that the adsorption process is
favorable and likely dominated by physical adsorption
(physisorption) with good adsorption intensity.
Furthermore, the Freundlich model implies that the
adsorbent surface is heterogeneous and allows for
multilayer adsorption [14].

Comparatively, since the Langmuir model exhibits a
higher R? value than the Freundlich model, the
adsorption of malachite green onto CS-GiO is more
appropriately described by the Langmuir isotherm. This
suggests that the adsorption predominantly occurs as a
monolayer on relatively homogeneous active sites.
However, the reasonably high correlation with the
Freundlich model also indicates that the CS-GiO surface
is not entirely homogeneous, which is plausible
considering that graphene oxide contains various
oxygen-containing functional groups (-OH, —-COOH,
and epoxy groups) that create differences in adsorption
energy. Overall, the adsorption of malachite green onto
CS-GiO derived from coconut shell is highly favorable
(RL < 1), exhibits a relatively high maximum adsorption
capacity (35.95 mg/g), fits better with the Langmuir
model indicating monolayer formation, and is supported

Table1. Langmuir and Freundlich parameters value

Isotherm models Parameters Value

Langmuir b (mg/g) 35.95

b (x10° mol/g) 9.85

KL (L/mol) 37873.42

E. (kJ/mol) 26.12

R? 0.9957
Freundlich B (mg/g) 8.23

n 2.81

R? 0.9617
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by the Freundlich model with good adsorption intensity
(n = 2.81). These findings demonstrate that CS-GiO has
strong potential as an effective adsorbent for the
removal of malachite green dye from aqueous solutions.

3.3. Adsortion Kinetics

Adsorption kinetics investigations were conducted
using time-varying applications of the linear models of
Lagergren (Equation 3) and Ho (Equation 4) [15-16].

Kra
logqe — qr) = log (qe) — ot 3)
r__ 1 t
qt KHoqe® Je (4)

Based on the adsorption kinetic plot of the Lagergren
or pseudo-first-order (PFO) model, the linear
relationship between In(ge—qt) and contact time (t)
produced the regression equation y = -0.0434x -
8.9844 with a coefficient of determination (R?) of 0.9850.
The relatively high R? value indicates that the
experimental data exhibit a good agreement with the
pseudo-first-order kinetic model, suggesting that the
adsorption process of malachite green (MG) onto CS-
GiO can be reasonably described by this model. In the
PFO model, the slope of the linear plot corresponds to
-k4, from which the adsorption rate constant (k;) was
calculated to be 0.0434 min™'. This value reflects the
adsorption rate of MG onto the surface of CS-GiO,
where a higher k; value indicates a faster adsorption
process. The intercept of —8.9844 corresponds to In(ge),
which represents the equilibrium adsorption capacity
predicted by this kinetic model.

The relatively good fit of the data to the pseudo-first-
order model suggests that the adsorption rate is
influenced by the availability of active sites on the
adsorbent surface and the concentration difference
between the solute in the solution and that on the
adsorbent surface. This model is generally associated
with a physisorption mechanism, where the interactions
involved are relatively weak, such as van der Waals
forces or electrostatic interactions [17-20].

Based on kinetic modeling using the pseudo-second-
order (PSO) model, the linear regression equation
obtained was y = 2862.5x + 10071, with a coefficient of
determination (R?) of 0.99818. The very high R? value
indicates that the PSO model exhibits an excellent fit to
the experimental data for the adsorption of malachite
green (MG) onto CS-GiO. From the calculation, the
adsorption rate constant (k;) was determined to be
813.63 g mol™ min™, while the calculated equilibrium
adsorption capacity (ge,cal) was 0.000349 mol g™. In
addition, the very small RMSE value of 3.96 x 107 and
¥x? value of 1.82 x 1077 indicate that the deviation
between the experimental data and the model prediction
is minimal (Table 2). The calculated ge value is also
relatively close to the experimental value, further
confirming that this model adequately represents the
adsorption system.




6 Sorpt. Stud., 2(1), Jun 2026, 1-7

0 25 50

92
9.4 -

98 ]
-10 ..
-10.2 |
-10.4 T
-10.6 N
-10.8 .
-11

In(ge-qt)
'
r

ty = -0.0434x - 8.9844
R*=0.985

(b)

140000
¥ = 2862.5¢ + 10071 a

120000 R*=0.9982
100000 -

80000
60000 ol
40000 i

20000

0%
a 10 20 30 40 50

t

Vgt (g minfmel)
| ]

Figure 4. Malachite Green adsorption on CS-GiO as a
function of time, and the linear model of the
Lagergren (a) and Ho (b) adsorption kinetics
models.

The relatively high kuo value suggests that the
adsorption process occurs at a relatively fast rate.
Mechanistically, the good agreement with the PSO
model indicates that the adsorption process is likely
governed by a chemisorption mechanism, involving
chemical interactions between the active functional
groups on the CS-GiO surface and malachite green
molecules, such as electron exchange or the formation
of chemical bonds [21-22].

Table 2. Kinetic parameters of Malachite Green adsorption

on CS-GiO

Kinetics models Parameters Value

PFO Calc. ge (mol/g) 0.000125356
Kiag (min') 0.043369597
RMSE q. 0.000220028
X? 0.000560679
R? 0.9850

PSO Calc. ge (mol/g) 0.000349346
Ko (g mol" min) 813.6327807
RMSE qe 0.00000396
X2 1.81789E-07
R? 0.9982

Note: g. values in mg/g were calculated from mol/g based on the
molecular weight of the adsorbate.

A comparison between the two kinetic models further
reveals that the pseudo-second-order (PSQO) model
provides a better description of the adsorption process
than the pseudo-first-order (PFO) model for malachite
green adsorption onto CS-GiO. This is evidenced by the
higher R? value obtained for the PSO model, as well as
significantly lower error values (RMSE and x3
compared to those of the PFO model. Furthermore, the
equilibrium adsorption capacity (ge) predicted by the
PSO model is more realistic and closer to the
experimental value. Therefore, it can be concluded that
the pseudo-second-order kinetic model is the most
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suitable model to describe the adsorption behavior of
malachite green onto CS-GiO.

The suitability of this model suggests that the
adsorption mechanism is predominantly controlled by
chemisorption, which involves chemical interactions
between the adsorbent and the adsorbate. These
interactions may occur between the functional groups
present on the GiO surface, such as -OH, —-COOH, and
other oxygen-containing groups, and the cationic groups
of the malachite green molecule. Consequently, the
adsorption process is not limited to weak physical
interactions such as van der Waals forces, but may also
involve electrostatic interactions, coordination bonding,
and electron transfer mechanisms. This interpretation is
consistent with the nature of malachite green as a
cationic dye, which readily interacts with negatively
charged surfaces or with active functional groups
present on the adsorbent surface.

4. CONCLUSION

In this study, GiO from coconut shell was successfully
synthesized and applied for the removal of Malachite
Green from aqueous solution. Characterization results
using FTIR and XRD confirmed the successful formation
of the adsorbent and the presence of functional groups
that potentially contribute to the adsorption process. The
kinetic study demonstrated that the adsorption process
follows the pseudo-second-order (PSO) model, as
indicated by a higher coefficient of determination (R? =
0.9982) compared to the pseudo-first-order model (R? =
0.9850), along with significantly lower error values
(RMSE = 3.96 x 10 and x> = 1.82 x 1077). The
calculated equilibrium adsorption capacity was
0.000349 mol g™, and the adsorption rate constant (k)
was 813.63 g mol™ min™", indicating a relatively rapid
adsorption process. The good agreement with the PSO
model suggests that the adsorption mechanism is
predominantly controlled by chemisorption, involving
chemical interactions between the functional groups
present on the CS-GiO surface and the cationic
malachite green molecules. These interactions may
include electrostatic attraction, coordination interactions,
and possible electron transfer mechanisms. Overall, the
results indicate that CS-GiO exhibits promising potential
as an effective adsorbent for the removal of malachite
green from aqueous systems.
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