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ABSTRACT

This study investigates the removal of Methylene Blue (MB) dye from aqueous solutions using
activated carbon derived from cashew nut shells (CNSAC). The adsorbent was synthesized through chemical
activation using sodium hydroxide (NaOH) and characterized using XRD, SEM, FT-IR, BET, TG-DTA, and
UV-Vis spectroscopy. The results showed that CNSAC possesses a high surface area and porous structure,
which significant enhances its adsorption capacity. Batch adsorption experiments demonstrated efficient MB
removal, achieving a maximum removal efficiency of 92% at an adsorbent dosage of 1.5 g/L. The adsorption
data fitted well with the Langmuir isotherm model, suggesting monolayer adsorption. The adsorption kinetics
were well described by the pseudo-second-order model, indicating that chemisorption may be the predominant
rate-controlling mechanism. CNSAC also exhibited good stability and reusability, retaining 80% removal
efficiency after five consecutive hydrothermal regeneration cycles. These findings demonstrate the potential of
low-cost and environmentally friendly CNSAC as an effective adsorbent for dye removal from wastewater,

contributing to sustainable water treatment practices.
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INTRODUCTION

Methylene blue (MB) is a widelyused cationic dye
in various applications, such as dyeingtextiles (silk,
leather, plastics, paper, and cotton mordant with
tannin), ink production, and office supplies like
copying paper. However, its excessive use and
improper disposal pose significant health risks,
including tissue necrosis, high blood pressure, and
quadriplegia, as MB can enter thehuman
bodythroughthefoodchain  [1,2].Due to these
hazards, it is crucial to remove MB from
wastewater effectively. The wuse of low-cost
adsorbents has been globally recognized as an
efficient, environmentally friendly solution for
minimizing MB pollution [3-7]. Consequently,
research has focused on identifying economically
viable and effective adsorbents.

The environmental impact of
syntheticdyes,likeMB, isconcerningdueto their
complex aromatic molecular structures, which
make them resistant to biodegradation. These dyes
not only cause toxicological effects but also impair
the aesthetic quality of water bodies by reducing
light penetration, thereby disrupting aquatic
ecosystems and threatening organisms with in the
food chain[8].Furthermore,some synthetic dyes and
their degradation byproducts are potentially
carcinogenic, highlighting the need for their
removal from wastewater [9]. Addressing these
challenges necessitates interdisciplinary
approaches, from developing innovative removal
technologies to enforcing stringent regulations on
dye-laden effluent discharges [10].Prioritizing the
removal of such dyes is crucial for protecting water
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resources and  maintaining  environmental
sustainability for future generations [11].

Traditional methods for color removal
from wastewater, such as biological treatments and
chemical precipitation, are effective only at high
solute concentrations [12]. In contrast, adsorption
has emerged as a superior method due to its cost-
effectiveness, ease of operation, high efficiency,
and biodegradability, making it suitable for treating
concentrated dye solutions [13,14]. Activated
carbon, especially when derived from natural
materials like wood or coal, has been found to be
highly effective in adsorbing dyes from wastewater
[15]. However, the high cost of commercially
available activated carbon has driven research
toward finding more affordable alternatives [16].
Recent studies have focused on producing low-cost
activated carbons from agricultural residues, such
as plum kernels, cassava peels, bagasse, jute fibers,
and other plant-based materials, offering a
sustainable and economical approach to dye
removal from wastewater [17,18].

This study explores the potential of
activated carbon derived from cashew nut shells
(CNSAC) as an effective adsorbentfor removing
methylene blue from aqueous solutions. The
research aims to assess the efficiency of CNSAC
and analyze kinetic and equilibrium data to
understand the adsorption mechanisms involved.
By optimizing adsorption processes, this study
contributes to advancing sustainable water
purification technologies.
MATERIALSMETHODS

The cashew nut (CN) shells used in this
study were collected from virudhachalamTaluk in
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the Cuddalore district of Tamil Nadu, India. The
shells were thoroughly washed with deionized
water to remove any surface impurities and
contaminants. To ensure complete drying, the
washed shells were then oven-dried at 110°C for 24
hours. Once dried, the shells were ground and
sieved to obtain particles smaller than 2 mm, which
served as the precursor material for the synthesis of
activated carbon.

For the synthesis, sodium hydroxide (NaOH) was
employed as the activating agent to enhance the
porosity and surface
areaoftheactivatedcarbonderivedfromthe ~ cashew
nut shells. Methylene blue (MB), with the chemical
formula CisHisCINsS was selected as the target
adsorbate to assess the adsorption properties of the
synthesized activated carbon. All chemicals used in
the study, including HCl and NaOH, were of
analytical reagent grade with a purity of 99%,
sourced from SD Merck Fine Chemicals, India.
These chemicals were utilized as received, without
any further purification. All glassware used in the
experiments underwent thorough acid washing, and
deionized water was consistently used for dilutions
and sample preparations to maintain the accuracy
and reliability of the experimental procedures.
Synthesis of activated carbons

The precursor materials, cashew nut
shells, were impregnated in a 50% sodium
hydroxide (NaOH) solution at a ratio of 2:1 (shell
weight to NaOH). This impregnation was carried
out under continuous stirring for 6 hours using a
magnetic stirrer to ensure thorough mixing and
uniform chemical activation. After impregnation,
the samples were subjected to a drying and
activation process, which involved heating at a
controlled rate of 20°C per minute until reaching a
fixed temperature of 500°C. This activation
temperature was maintained for 2 hours to enhance
the formation of pores and increase the surface area
of the activated carbon.

Once the heating process was completed,
the samples were allowed to cool naturally to room
temperature. The cooled products were then
thoroughly washed with 0.1 M hydrochloric acid
(HCI) to remove any remaining sodium residues
and mineral contaminants, followed by rinsing with
distilled water until neutral pH was achieved. The
washed samples were subsequently dried again at
110°C for 6 hours to ensure all moisture was
removed. Finally, the activated carbon derived
from cashew nut shells (CNSAC) was cooled to
room temperature and stored in a desiccator to
prevent any moisture absorption until further use in
adsorption experiments.

Characterizations

The surface morphologies of the cashew
nutshell and the activated cashew nut shell
(CNSAC) were analyzed using various advanced
characterization techniques. X-ray diffraction
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(XRD) was employed to determine the crystalline
structure, while scanning electron microscopy
coupled with energy dispersive X-ray analysis
(SEM) (Supra 55, Zeiss, Germany) was used to
observe the surface morphology and elemental
composition. The thermal stability of the samples
was evaluated by thermogravimetric analysis (TG-
DTA) over a temperature range of 30 to 700 °C,
using an SDT650 analyzer (Waters, Germany).
Functional group analysis was performed using
Fourier-transform infrared spectroscopy (FTIR)
across a wavenumber range of 4004000 cm™ to
identify the various chemical groups present on the
surface of the materials.
Adsorbate
Methylene blue (MB), obtained from Merck, India,
was used as the adsorbate without further
purification. A stock solution of 1000 mg/L was
prepared by dissolving the required amount of MB
powder in double-distilled water. Working
solutions of the required concentrations (50-250
mg/L) were prepared by diluting the stock solution
with double-distilled water. The MB used was
methylene blue hydrochloride trihydrate
(CisHisCIN3S-3H20), with a molecular weight of
373.9 g/mol. Before adding the adsorbent, the pH
of each solution was adjusted to the desired value
using 0.1 M NaOH or 0.1 M HCL
Analysis

The concentration of methylene blue (MB)
in the supernatant solution, both before and after
the adsorption process, was quantified using a
double beam UV-visible spectrophotometer
(Shimadzu, Japan) at a wavelength of 664 nm. The
supernatant obtained from the CNSAC did not
show any detectable absorbance at this wavelength,
indicating the effective removal of MB.
Additionally, the calibration curve employed in this
study demonstrated high reproducibility and
linearity across the concentration range used. The
pH of the solution was accurately measured with a
Hanna pH meter equipped with a combined glass
electrode (Model HI 9025C, Singapore), ensuring
precise control of experimental conditions.
Adsorption Experiment

Batch adsorption studies were performed
at ambient temperature. For each adsorption
experiment, a specific amount of CNSAC was
added to a 250 mL Erlenmeyer flask containing
100 mL of the wastewater sample. The pH of the
solution was adjusted to the desired level by adding
either 0.1 M NaOH or HCl. The mixture of
CNSAC and solution was then agitated for a
predetermined duration using a wrist action shaker
set at 120 rpm. The kinetics of adsorption were
investigated by measuring the dye uptake at various
time intervals. For accurate kinetic data, separate
bottles containing 100 mL of wastewater and 0.15
g of CNSAC were utilized for each measurement
point.
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Isothermal adsorption studies were carried
out with initial dye concentrations ranging from 50
to 250 mg/L, using 100 mL of the sample. These
studies involved shaking the reaction mixture until
equilibrium was reached. The concentration of the
residual dye in the supernatant was determined by
centrifuging the mixture and measuring the
absorbance at the wavelength corresponding to the
maximum absorbance of the dye. The dye
concentration was then calculated using a pre-
established calibration curve. It was observed that
the Amax values of the wastewater samples varied
by £10 nm from the Amax values of the pure dyes
at a constant pH. The amount of dye adsorbed onto
the CNSAC, denoted as qe (mg/g), was computed
using the following mass balance equation:

qe:Ci —CeV/Wmmmmmmmmmmmeeeee (1)

Where Ci and Ce are the initial and
equilibrium liquid-phase concentrations of dye,
respectively (mg/L), V the volume of the solution
(L), and W is the mass of the CNSAC used (g).
Regeneration studies
The reusability of CNSAC was evaluated over five
consecutive adsorption-regeneration cycles. All
regeneration studies were conducted in 150 mL
Erlenmeyer flasks. In each cycle, adsorption was
carried out using 1.5 g/l of CNSAC in 100 mL of
MB solution (10 mg/L, pH 12 mg/L). After
adsorption, the MB-loaded CNSAC was separated
by filtration, washed with water and acetone, and
dried. Regeneration was carried out hydrothermally
by treating the spent adsorbent in water in an
autoclave at 180 °C for 4 h, followed by
reactivation at 500 °C under a nitrogen atmosphere.
The regenerated CNSAC was then reused in the
next adsorption experiment under the same
conditions. The removal efficiency of each cycle
was calculated to assess the effectiveness of the
regeneration process.

RESULTS AND DISCUSSION
Thermal Analysis

Figure 1 represents the thermal
gravimetric and differential thermal analysis
(TG/DTA) curve for the raw cashew nut shell
(CNS) precursor. The analysis reveals that the
thermal decomposition of the raw CNS occurs in
three distinct stages:

Stage 1: From room temperature up to
100°C, the TG curve shows an initial weight loss of
approximately 4.75%. This loss is primarily due to
the evaporation of moisture inherent in the CNS
samples.

Stage 2: In the temperature range of
100°C to 225°C, the weight decreases by around
7.02%. This reduction is attributed to the release of
organic volatiles and the decomposition of
hemicellulose [19].
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Figure .1 Thermal behaviour (TG/DTA

curves) of CNSAC
Stage 3: Between 225°C and 350°C, the TG curve
exhibits the most substantial weight loss,
approximately 45.98%. This stage is associated
with the decomposition of cellulose and lignin,
which are the primary structural components of the
CNS. This phase is marked by the maximum rate of
weight loss, indicating the intensive breakdown of
these components.
Beyond 350°C: The TG curve shows the formation
of fixed carbon, which constitutes about 20.05% of
the raw CNS [20]. Following 350°C, the weight
loss becomes exponential, corresponding to the
remaining 20.07% of fixed carbon. This behavior
suggests a gradual conversion of residual organic
matter into stable carbon.

For the preparation of activated carbon from
CNS, it is advisable to use an activation
temperature exceeding 350°C. This ensures
thorough decomposition of volatile materials and
the formation of a significant amount of fixed
carbon, which is crucial for achieving high surface
area and porosity in the activated carbon.

XRD analysis

Figure 2 illustrates the X-ray diffraction
(XRD) patterns for activated carbon derived from
cashew nut shells, synthesized under an
impregnation ratio of 2:1 and a temperature of
500°C. The XRD analysis provides insights into the
structural characteristics of the activated carbon.
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Figure .2 XRD pattern of CNSAC
The XRD patterns of the activated carbon
primarily display broad, diffuse humps rather than
sharp, well-defined peaks. This broadening is
indicative of an amorphous carbon structure, which
is a common feature in activated carbons. The
absence of multiple distinct peaks suggests a lack
of long-range order in the carbon lattice, typical for
materials with high porosity and irregular structure.
A notable sharp peak is observed at 20 = 26°. This
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peak is attributed to the (002) diffraction planes of
microcrystalline graphite.

In the context of activated carbon, this
peak signifies the presence of a small amount of
graphitic structure embedded within the otherwise
amorphous carbon matrix. The (002) planes
correspond to the graphite layers' spacing, and their
presence in the XRD pattern indicates that some
degree of graphitization has occurred during the
activation process.The peak at 20 = 26° aligns with
the data from the JCPDS-751621 reference [21],
which corresponds to the diffraction pattern of
microcrystalline graphite. This reference confirms
the identification of the sharp peak and supports the
conclusion that while the activated carbon is
predominantly amorphous, it contains regions of
ordered graphite structures.

The presence of the (002) peak suggests
that the activated carbon possesses some degree of
graphitic ordering, which may contribute to its
electronic properties and stability. However, the
predominance of amorphous regions indicates that
the material has a high surface area and significant
porosity, essential for its adsorption capabilities.
The balance between amorphous and graphitic
structures can affect the overall performance of the
activated carbon in applications such as adsorption,
where high surface area and pore structure are
crucial.

SEM Analysis

Figure 3 displays the scanning electron
microscopy (SEM) micrographs of the cashew nut
shell-derived activated carbon (CNSAC). The
images reveal a distinct honeycomb-like porous

Figure 3. SEM image of CNSAC

This porous structure is indicative of an
extensive internal surface area and aligns with the
high iodine number previously reported for the
activated carbon synthesized at the specified ratio.

The SEM micrographs illustrate a well-

developed network of interconnected pores that
form a honeycomb-like appearance. This intricate
pore structure is characteristic of activated carbons
with high surface areas and pore volumes. The
visible pores are evidence of the successful
activation process, which enhances the material’s
adsorptive properties.
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The observed porous morphology correlates
with the high iodine number obtained for the
activated carbon. The iodine number is a standard
measure of the micropore volume and surface area
of activated carbon. A higher iodine number
indicates a greater number of small micropores,
which is consistent with the extensive pore
structure shown in the SEM images. This
relationship underscores the effectiveness of the
activation process in creating a high surface area
within the activated carbon.

The presence of a honeycomb-like porous
surface and a large internal surface area is crucial
for the functionality of activated carbon as an
adsorbent. The extensive network of pores provides
numerous sites for adsorption, enhancing the
material's ability to capture and retain various
adsorbates. The porous morphology ensures that
the activated carbon can efficiently interact with
and adsorb contaminants, making it suitable for
applications in water treatment, air purification, and
other adsorption-based processes [22].

FT-IR Analysis

Figure 4 presents the Fourier-transform
infrared (FT-IR) spectrum of the activated carbon
derived from cashew nut shells (CNSAC). The FT-
IR analysis provides valuable insights into the
chemical composition and surface functional
groups of the CNSAC.

The prominent and broad band observed at
3428 cm™ is attributed to the stretching vibrations
of hydrogen-bonded hydroxyl groups. This peak
suggests the presence of alcohols, phenols, and
bound water molecules within the CNSAC
structure. Additionally, this band may also indicate
the presence of N-H bonds from primary amines
[23], which are commonly found in activated
carbons due to the incorporation of nitrogen-
containing groups during the activation process.

The absorption bands located at 2974 cm™
and 2854 cm™ are associated with C-H stretching
vibrations in aliphatic methyl groups. These bands
highlight the presence of aliphatic hydrocarbons,
contributing to the overall structural complexity of
the activated carbon [24].

The sharp peaks at 1626 cm™, 1493 cm ™,
and 1453 cm™ are indicative of C=C stretching
vibrations in aromatic compounds [25]. These
bands suggest the presence of aromatic ring
structures within the activated carbon, which are
characteristic of the carbonization process and
contribute to the material’s stability and adsorption
properties.

The band observed at 1375 cm™ is
attributed to C-H in-plane bending vibrations in
methylene groups. This peak further supports the
presence of aliphatic components in the CNSAC
structure.

The bands observed at 1242 cm™, 1105
cm!, and 1023 cm™ are associated with C-O

Page: 1656



DEVELOPMENT OF LOW-COST ACTIVATED CARBON FROM CASHEW NUT SHELLS FOR
METHYLENE BLUE DYE REMOVAL

stretching vibrations, which can be attributed to
alcohols, phenols, ethers, or esters [26]. These
bands indicate that the CNSAC contains various
oxygen-containing functional groups, enhancing its
surface chemistry and adsorption capacity.

The absorption band at 826 cm™
corresponds to C-H out-of-plane bending vibrations
in benzene derivatives. This peak signifies the
presence of aromatic rings with substituted groups,
contributing to the material’s structural complexity.

The strong band at 614 cm™ is associated
with O-H bending vibrations [27]. This peak
reflects the presence of hydroxyl groups and further
corroborates the incorporation of oxygen-
containing functionalities in the CNSAC.
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Figure 4. FT-IR spectra of CNSAC

BET Analysis of Cashew Nut Shell Activated
Carbon: Surface Area, Pore Size Distribution,
and Adsorption Properties

Activated carbon derived from cashew nut
shells has been widely investigated for its
adsorption capacity and structural characteristics
[35, 36]. Brunauer-Emmett-Teller (BET) analysis
is used to determine the specific surface area, pore
volume, and pore size distribution of porous
materials [38, 39].

The  nitrogen  adsorption-desorption
isotherms of CNSAC (Fig. 5) resemble a Type IV
isotherm, which is typical of mesoporous materials
[38, 39]. Nitrogen uptake increases gradually at
low relative pressures (p/po) and more steeply at
higher pressures, indicating multilayer adsorption
on the carbon surface. A hysteresis loop between
the adsorption and desorption branches indicates
the presence of mesopores, arising from capillary
condensation within the pores.

The BET surface area of CNSAC was
found to be 65.833 m*g, which provides sufficient
accessible surface for the adsorption of dye
molecules such as MB [35, 36].
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Isotherms of CNSAC
Pore Size Distribution

Pore size distribution is a vital parameter in
understanding the performance of porous materials
[35, 37]. Figure 6, which shows the pore size
distribution for cashew nut shell activated carbon,
reveals a sharp increase in pore volume for radii
under 100 nm. This distribution suggests that the
material has a high concentration of mesopores,
contributing to its impressive adsorption capacity.
The average pore diameter, calculated from BET
analysis, is 0.078 nm, indicating the material's
ability to facilitate efficient adsorption and
transport of molecules within its pore network.
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Fig 6: Pore radius curve of CNSAC

While the  mesoporous structure
dominates, the material also contains micropores,
as evidenced by the low-pressure nitrogen
adsorption behavior shown in Figure 7. The
adsorption at low relative pressures (p/po < 0.3)
indicates the existence of micropores that provide
an additional large surface area [37]. This
combination of micropores and mesopores creates a
hierarchical pore structure, beneficial for both rapid
molecular transport (via mesopores) and high
adsorption capacity (due to micropores).
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Fig 7: Volume @STP vs Relative Pressure
Total Pore Volume and Average Pore Diameter

The total pore volume of CNSAC was
determined to be 0.129 cm?®g, indicating a
considerable pore network. The average pore
diameter calculated from the pore size distribution
curve is approximately 14.843 A (1.4843 nm),
which lies at the upper end of the micropore range.
Together with the pore volume rising up to larger
pore radii (Fig. 6), these values indicate a micro-
mesoporous structure, in which the pore sizes are
suitable for the adsorption of dye molecules such as
MB [35, 36].
Adsorption Studies

Adsorption studies were conducted using
the batch technique to determine the equilibrium
data for the dye removal process. In each
experiment, 0.15 g of the adsorbent was introduced
into 100 mL of dye solution with a known initial
concentration. Each experiment was replicated
twice to ensure accuracy and reproducibility of the
results. After allowing sufficient time for
equilibrium to be reached, the final dye
concentration (Ce) was measured. The percentage
of dye removal was calculated using the formula:
Percentage Dye Removal= (Ci — Ce)/Ci x 100 ------

whereCi and Ce represent the initial and
equilibrium concentrations of the dye (in mg/L),
respectively.

The amount of dye adsorbed per unit mass of the
adsorbent (ge, in mg/g) was determined sbased on
the mass balance principle, using the following
equation

qe:(Ci _Ce)V/M ---------- (3)

where (V) is the volume of the dye solution (in L),
and M is the mass of the adsorbent used (in g).
Batch adsorption experiments were conducted over
a range of initial pH values from approximately 2
to 12. The initial pH of the solutions was adjusted
by the addition of dilute hydrochloric acid (HCI) or
sodium hydroxide (NaOH) solutions. pH values
were accurately measured using an Elico brand pH
meter to ensure precise control over the
experimental conditions.

Additionally, the impact of temperature on the
adsorption process was investigated by performing
experiments at various temperatures, specifically
30°C, 40°C, 50°C, and 60°C. This analysis helps in
understanding  how  temperature  variations
influence the adsorption efficiency and overall
performance.

The equilibrium data obtained from the adsorption
studies were analyzed using two common
adsorption isotherm models: The Langmuir and
Freundlich isotherms. The Langmuir isotherm
assumes a monolayer adsorption onto a surface
with a finite number of identical sites, while the
Freundlich isotherm represents a multilayer
adsorption on heterogeneous surfaces.
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The characteristic parameters for each isotherm
model were determined to provide insights into the
adsorption mechanism and capacity of the
adsorbent. This thorough analysis allows for a
comprehensive understanding of the adsorption
characteristics and the effectiveness of the
adsorbent in dye removal applications.

Effect of contact time

Figure 8 illustrates the effect of contact time on the
removal of Methylene Blue (MB) dye from 100 mL
dye solutions with initial concentrations ranging
from 50 to 250 mg/L using cashew nut shell
activated carbon (CNSAC) as the adsorbent at
room temperature. The dye removal increases
rapidly during the initial 40 minutes, indicating the
availability of numerous active adsorption sites on
the CNSAC surface. These sites facilitate the rapid
adsorption of dye molecules from the solution.

As the contact time increases, the rate of
dye removal gradually decreases and approaches a
nearly constant value at approximately 60 minutes.
This behavior may be attributed to the gradual
occupation of available adsorption sites by dye
molecules, which reduces the number of vacant
sites available for further adsorption.

The initial rapid adsorption followed by a
slower uptake indicates a transition from rapid
surface adsorption to a slower adsorption stage that
may involve diffusion of dye molecules into the
pores of the activated carbon. The nearly constant
removal observed at longer contact times suggests
that the adsorption process approaches equilibrium
under the experimental conditions.
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Figure 8: Effect of contact time on the
adsorption of dye MB

Effect of solution pH

The influence of solution pH on the adsorption of’
methylene blue (MB) was investigated by treating
100 mL of a 10 mg/L MB solution with 0.15 g of
cashew nut shell activated carbon (CNSAC; dose
1.5 g/L), while varying the pH from 2 to 12. The
results, depicted in Figure 9, show a marked
variation in dye removal efficiency across the
tested pH range. As illustrated, the percentage of
MB removed from the solution increased
significantly from 52.78% at pH 2 to 98.07% at pH
12. The highest removal efficiency was observed at
pH 12, indicating that this is the optimum condition
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for MB adsorption. Therefore, pH 12 was used for
all subsequent adsorption experiments.

The lower adsorption efficiency at acidic
pH (pH 2) can be attributed to the positively
charged CNSAC surface at low pH, which
electrostatically repels the cationic MB molecules.
In addition, the excess hydrogen ions (H") in acidic
solutions compete with the cationic dye molecules
for the adsorption sites on the CNSAC surface,
thereby reducing the adsorption capacity.

120 T

100 H

®
[=]
!

% Removal of MB
3
1

2 4 6 8 10 12
pH
Figure 9:Effect of pH on %removal of MB
In contrast, at alkaline pH, particularly at
pH 12, the surface functional groups of CNSAC
deprotonate and the surface becomes negatively
charged, which enhances the electrostatic attraction
toward the cationic MB molecules. The reduced
concentration of competing H* ions further
facilitates the interaction between MB molecules
and the active sites on CNSAC, leading to
significantly higher dye removal efficiency.

This pH-dependent adsorption behavior
underscores the importance of optimizing the pH to
maximize the effectiveness of CNSAC as an
adsorbent for dye removal [28].

Effect of adsorbent dosage

The effect of adsorbent dosage on the removal
efficiency of methylene blue (MB) was studied by
varying the dosage of cashew nut shell activated
carbon (CNSAC) from 0.05 to 0.30 g per 100 mL
of solution (0.5-3.0 g/L). These experiments were
conducted with an initial MB concentration of 10
mg/L in 100 mL of solution at pH 12 and room
temperature. The results are presented in Figure 10.

As shown, the percentage removal of MB
increased markedly with the dosage of CNSAC up
to 0.15 g/100 mL (1.5 g/L), from 67.8% at 0.05
g/100 mL to 98.07% at 0.15 g/100 mL. The most
pronounced increase occurred between 0.05 and
0.15 g/100 mL. Beyond this point, further increases
in dosage did not result in substantial gains in
removal efficiency, indicating diminishing returns.

The increase in removal efficiency with
dosage can be attributed to the greater surface area
and number of available adsorption sites on
CNSAC. At lower dosages, the limited number of
active sites results in lower removal. As the dosage
increases, more adsorption sites become available,
which enhances the capture of MB molecules from
the solution.
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However, beyond the optimum dosage of
0.15 g/100 mL (1.5 g/L), additional adsorbent did
not significantly enhance removal. This plateau
indicates that most of the MB in solution had
already been removed, so the additional adsorption
sites contribute little further improvement. These
findings underline the importance of optimizing the
adsorbent dosage to achieve maximum dye removal
while avoiding unnecessary use of adsorbent [28].
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Figure 10. Effect of adsorbent dosage on the %
removal of MB
Effect of initial dye concentration

Experiments were performed to evaluate
the effect of initial dye concentration on the
removal efficiency of Methyl Blue (MB) using an
optimal adsorbent dose of 0.15 g in
100 mL dye solutions with varying concentrations
of 50, 100, 150, 200, and 250 mg/L. The results,
illustrated in Figure 11, show a clear trend in the
percentage of MB removal as a function of initial
dye concentration.
Effect of initial dye concentration

The effect of initial dye concentration on
the removal efficiency of methylene blue (MB) was
evaluated using the optimum adsorbent dose of
0.15 g in 100 mL of dye solution (1.5 g/L) at pH 12
and room temperature, with initial concentrations
of 10, 20, 30, 40, and 50 mg/L. The results are
illustrated in Figure 11.
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Effect of Initial dyc removal of dye MB On CNSAC

Figure 11. Effect of initial dye
concentration on % removal of dye
As shown, the percentage removal of MB
remained nearly constant at approximately 91-93%
over the studied concentration range. This indicates
that, at this dosage, CNSAC provides enough
active sites to accommodate the dye molecules
present in solution up to 50 mg/L, so the removal
efficiency is not significantly affected by the
increase in initial concentration. The slight
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decrease at the highest concentration suggests that
the adsorption sites are beginning to approach
saturation. A higher initial concentration also
increases the driving force for mass transfer of dye
molecules from the solution to the CNSAC surface.

These results highlight the importance of
considering both the adsorbent dosage and the
initial dye concentration when designing efficient
dye removal processes [29].

Adsorption Isotherms

Adsorption isotherms were determined from a
series of batch adsorption experiments carried out
at room temperature, employing an optimal
adsorbent dosage of 1.5 g/L and an optimum pH of
12 for methylene blue (MB) dye. The contact time
was set at 90 min to ensure adequate interaction
between the adsorbent and the dye molecules. The
initial concentration of MB in the aqueous
solutions was varied systematically between 50 and
250 mg/L to investigate the adsorption capacity
under different conditions.

During the adsorption process, samples
were withdrawn from the reaction mixture at
predefined time intervals and centrifuged to
separate the adsorbent particles from the solution.
The concentration of MB in the supernatant was
then measured by UV-visible spectrophotometry at
a wavelength of 664 nm, as shown in Fig. 12. From
these measurements, the amount of dye adsorbed at
different time intervals (q;) and at equilibrium (qc)
was calculated.

The concentrations were determined using
a previously established calibration curve
correlating absorbance with dye concentration.
These experimental data were then analyzed by
fitting them to various adsorption isotherm models,
such as the Langmuir and Freundlich isotherms, to
understand the nature and capacity of the
adsorption process. In addition, the adsorption
kinetics were examined by applying different
kinetic models, including the pseudo-first-order and
pseudo-second-order models, to determine the
mechanism controlling the adsorption rate and to
elucidate the possible interaction between the dye
molecules and the adsorbent surface.

The results demonstrated a clear trend in
the adsorption behavior, confirming the efficacy of
the adsorbent under the selected experimental
conditions. As shown in Fig. 12, the absorbance of
the supernatant decreased with time and eventually
became constant, indicating that MB adsorption
progressed and reached an equilibrium state. The
fitting of the adsorption data to the isotherm and
kinetic models provided further insights into the
adsorption mechanism, which are crucial for
optimizing the process for practical applications.
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Figure 12. Absorption spectra of supernatant
solution extracted from (a) 5% (b) 10 % (c) 15
% (d) 20% (e) 25 % MB solution at different
intervals

Langmuir isotherm

The Langmuir isotherm model is based on the
assumption that adsorption occurs as a monolayer
on a surface containing a finite number of uniform
adsorption sites. In this context, the adsorbate
molecules adhere to the surface without any
migration or movement across the surface plane
once they are adsorbed.

The model further assumes that all
adsorption sites are identical and possess the same
energy, and that each site can accommodate only
one adsorbate molecule, with no interactions
occurring between adjacent adsorbed molecules.
This model is particularly relevant for describing
adsorption processes where the adsorbent surface is
homogeneous, and the adsorption occurs in a single
layer. The Langmuir isotherm is widely used to
model adsorption in both liquid-solid and gas-solid
systems, making it a versatile framework for
understanding a wide range of adsorption
phenomena.

g = gqm K L
C./A1+K LC) 4
Where,Ceis the equilibrium concentration of
the adsorbate in the solution (mg/L), qe
is the amount of adsorbate adsorbed per unit mass
of the adsorbent at equilibrium (mg/g),
gmrepresents the maximum adsorption capacity,
indicating the maximum amount of adsorbatethat
can form a complete monolayer on the adsorbent
surface (mg/g), and K is the Langmuir constant,
which is related to the affinity or binding strength
of the adsorbate to the adsorption sites (L/mg).

By fitting experimental data to the
Langmuir isotherm model, the maximum
adsorption capacity and the affinity of the
adsorption sites for the adsorbate can be evaluated.
The model is particularly effective in predicting the
performance of adsorbents wunder controlled
conditions where monolayer coverage is expected,
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and it provides valuable insights into the nature and
efficiency of the adsorption process.

Adsorption Kinetics

To elucidate the mechanisms governing the
adsorption process, including mass transfer and
chemical reactions, the experimental data were
analyzed using various kinetic models, such as the
pseudo-first-order,  pseudo-second-order,  and
intraparticle diffusion models. Lagergren [32] first
introduced the pseudo-first-order kinetic model for
adsorption in solid-liquid systems, which is
mathematically expressed as:

dq/dt=ki (qe — qy) 5)

whereqt is the adsorption capacity at time t (mg/g),
qge is the adsorption capacity at equilibrium (mg/g),
and ki (min!) is the rate constant of the pseudo-
first-order adsorption.

After integration by applying the initial
conditions qt =0 at t=0 and q: =q: at t=t, Eq.(2)
becomes:
log(q. — qi) = log q. — (k1 /2.303) t (6) ---------------
--(6)

Eq.(4) can be rearranged to obtain a linear form
Log (qe—qt) = log(qe) —k1/2.303 (t)-----------=-=-------
-~ ()

In this study, the pseudo-first-order kinetic model
was applied to analyze the adsorption of methylene
blue (MB), where qtrepresents the adsorption
capacity at time t (mg/g), and ki(min!) is the rate
constant. The rate constant kiand the correlation
coefficients for different dye concentrations were
calculated from the linear plots of log (qe—qr)
versus t(Fig. 13) and are presented in Table 1.

log(qe-qt)
o o

° o -]
/

Figure 13. Pseudo — first order reaction for MB
adsorbed onto CNSAC at  different
concentrations

The correlation coefficients for the
pseudo-first-order model were found to be low,
indicating that the model poorly fits the
experimental data. Additionally, a significant
discrepancy ~ was  observed  between  the
experimental and calculated equilibrium adsorption
capacities (qe), further confirming that the pseudo-
first-order model is inadequate for describing the
adsorption process.

To provide a more accurate representation
of the kinetics, the experimental data were analyzed
using Ho’s pseudo-second-order kinetic model,
which assumes that the adsorption process follows
a second-order chemisorption mechanism [34]. The
model is expressed as:
dqvdt =k (qe — qv)? (3
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Where, k is the rate constant of the
pseudo-second-order adsorption (g mg—Imin—1).
Upon integrating this equation with the appropriate
boundary conditions, the following linear form is
obtained:

(1/qe-qt) = 1/getkt 8)

Eq.(7) can be rearranged to obtain a

linear form:
t/qt =1/ h + 1/ qe(t) )
Where h=k>q(mg mg 'min!) represents the initial
adsorption rate as t—0. If the adsorption process
follows pseudo-second-order kinetics, a plot of t/q;
against t (Fig. 14) should yield a straight line.

35
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2.0

t/q, (min g/ mg)
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Time (min)

Figure 14. Pseudo — second order reaction for
MB adsorbed onto CNSAC at different
concentrations
From this plot, the parameters k, and h can be
determined from the slope and intercept. The
results showed that, for all initial dye
concentrations studied, the plots produced straight
lines with high correlation coefficients (>0.996).
Furthermore, the calculated values closely
matched the experimental data, indicating that the
pseudo-second order kinetic model accurately
describes the adsorption process. These findings
suggest that the rate-limiting step for MB
adsorption onto CNSAC is likely chemisorption.
As shown in Table 1, the rate constant k decreases
with increasing initial dye concentration for
CNSAC. This trend can be attributed to reduced
competition for adsorption sites at lower
concentrations. In  contrast, at  higher
concentrations, the competition for active surface
sites intensifies, resulting in lower sorption rates.
To further understand the mechanisms and rate-
controlling steps influencing the adsorption
kinetics, the experimental data were also analyzed
using Weber's intraparticle diffusion model [33].
This model helps clarify the diffusion mechanism
and is expressed as:
qe=kpt"?+C (10)
where C is the intercept, and kp is the intraparticle
diffusion rate constant (mg/g min"?). The constant
kpcan be determined from the slope of the linear
plot of qtversus t'?[34], as shown in Fig. 15.
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Figure 15.Intraparticle diffusion (MB
concentrations=50-250 mg/L, adsorbent
dose=1.5 g/L, volume of sample=100 mL and
equilibrium time=90 min).

The intercept of the plot indicates the
boundary layer effect, with a larger intercept
suggesting a greater contribution of surface
sorption to the rate-controlling step. The calculated
values of the intraparticle diffusion coefficient,
kpare provided in Table 1. If the regression of
qtversus t'?is linear and passes through the origin,
it implies that intraparticle diffusion is the sole rate
limiting step. However, the linear plots for each
concentration did not pass through the origin,
indicating that intraparticle diffusion is not the only
rate-controlling step.

Table 1. Comparison between the adsorption
rate constants, qe, estimated and correlation
coefficients associated with pseudo-first-order
and to the pseudo-second order rate equations

and intraparticle diffusion
Pseudo—
first Pseudo— Intraparticled
ordermoda| secondordermodal |iffusion modal
1

InitialMBconcent.(mg/L)

Ki(min™

/9)

g ~ E =
50 0.0(18.4/0.9|3. .0[2.9
54121 |81 12121 98| 4 | 2 1
100.0{31.7/0.9|2.0|50.6|5.7 0.913.23118.5|0.90
014923 |84|87(32|98|52|98| 7 | 6 | 5
15/0.043.5|0.9{1.5|59.4{4.6|56.6/0.93.89|19.0|0.94
0]43|68|87|02|35|66|/911|97| 5 | 4 1
2010.0/54.6/0.9|1.1|65.7|4.4163.4/0.9|5.12|18.2{0.93
0143521842412 |78|76199| 3 | 3 | 2
25/0.0165.7|10.910.8|77.9|14.3|74.6/0.9|6.55|14.6|0.91

0[46|68 |82|13|53 1131|197 7 | 5 | 2
Stability and recyclability of the photo catalyst

The stability and reusability of
photocatalysts are critical factors for their practical
application, particularly in wastewater treatment
processes. To evaluate the reusability of CNSAC,
MB photodegradation experiments were conducted
over five successive cycles. After each cycle, the

o o
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spent CNSAC was recovered by filtration,
thoroughly = washed to remove  residual
contaminants, and subjected to hydrothermal
regeneration before being reused in the subsequent
photodegradation cycle. As illustrated in Fig. 16,
the photodegradation efficiency of CNSAC showed
a gradual decline over the five cycles, decreasing
from 98% in the first cycle to 63% in the fifth
cycle. This decrease may be attributed to the
gradual loss of photocatalyst during recovery and
the possible blockage or alteration of active sites
after  repeated  hydrothermal  regeneration.
Nevertheless, CNSAC retained considerable
photocatalytic activity after five regeneration
cycles, demonstrating its potential for repeated use
in MB photodegradation and wastewater treatment
applications [34].

100 +

Degradation (%)

1 2 3 B 5

Recycle
Fig.16. stability and reusability of the CNASC
for photodegradation of MB

Hydrothermal Regeneration of Cashew Nut
Shell Activated Carbon (CNS-AC)

Hydrothermal regeneration is a widely employed
technique for restoring the adsorption capacity of
spent activated carbon (AC) by desorbing adsorbed
contaminants under high-temperature and high-
pressure aqueous conditions. The regeneration
process enhances the structural integrity of AC
while preserving its surface properties for
subsequent adsorption cycles. In this study, cashew
nut shell-derived activated carbon (CNS-AC)
underwent  five cycles of  hydrothermal
regeneration, and the changes in its
physicochemical properties were analyzed using
adsorption isotherms, structural characterization,
and surface functional group studies.
Hydrothermal Regeneration Procedure

The spent CNS-AC was washed with demonized
water and dried at 105 °C for 12 h. The dried
sample was placed in a Teflon-lined stainless steel
autoclave containing demonized water and heated
at 180 °C for 4 h to desorbs the adsorbed dye. After
cooling naturally to room temperature, the carbon
was filtered, washed with deionized water, and
dried at 110 °C for 12 h. It was then reactivated in a
tubular furnace at 500 °C under a nitrogen
atmosphere to restore its porosity. This cycle was
repeated for five regeneration cycles.
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Fig 17: Hydrothermal regeneration of cashew
nut shell activated carbon

Figure 17 shows the removal efficiency of
CNS-AC over the five hydrothermal regeneration
cycles, plotted against the hydrothermal loading
mass (mg). The removal efficiency decreased
gradually as the number of cycles increased.
Regeneration  Efficiency and Adsorption
Performance

In the first three cycles, CNS-AC retained
high removal efficiencies of 96%, 91%, and 82%,
respectively, indicating effective desorption of the
adsorbed dye during hydrothermal treatment. The
removal efficiency decreased further to 70% in the
fourth cycle and 65% in the fifth cycle. Overall, the
CNS-AC exhibited an average removal efficiency
of approximately 81% over the five regeneration
cycles, demonstrating its potential for repeated use.
The gradual decline in removal efficiency may be
attributed to the loss of a small amount of
adsorbent during recovery and the possible
blockage or alteration of active adsorption sites
after repeated hydrothermal regeneration.

Effect of Hydrothermal Loading Mass

The x-axis suggests that adsorption
performance varies slightly with loading mass
(mg). Higher loading masses might lead to
diffusion resistance and incomplete desorption
during regeneration, reducing efficiency. This can
be explained by:

The loading mass of CNS-AC decreased
from 1000 mg in the first cycle to about 600 mg in
the fifth cycle because of carbon loss during
filtration and handling. Since the adsorbent dose
decreases with each cycle, the number of available
adsorption sites also decreases, which lowers the
removal efficiency.

Diffusion Constraints:

Higher loading masses may lead to non-
uniform exposure to hydrothermal conditions,
causing incomplete contaminant desorption.
Competitive Adsorption:

As the available adsorption sites degrade,
interactions between adsorbates become less
favorable, further lowering efficiency.

Structural Stability and Reusability Potential

The observed efficiency trend suggests
that CNS-AC can be effectively regenerated up to
five cycles before significant degradation
occurs.This aligns with BET surface area reduction
and TGA analysis, where thermal stability is
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maintained for initial cycles but deteriorates with
prolonged hydrothermal exposure.The results
indicate that hydrothermal regeneration is a viable
and sustainable method for CNS-AC reuse, though
optimization of temperature, pressure, and
treatment duration may extend regeneration limits.

CONCLUSION

Activated carbon derived from cashew nut
shells (CNSAC) demonstrated high efficiency in
the removal of Methylene Blue dye from aqueous
solutions. Optimal adsorption conditions were
identified at pH 12, with a maximum removal
efficiency of 91%and adherence to the Langmuir
isotherm model, indicating monolayer adsorption.

Kinetic studies confirmed that the adsorption

process follows a pseudo-second-order model,

suggesting chemisorption as the rate-limiting step.

CNSAC exhibited good stability and reusability,

retaining  81%  removal efficiency  after

fivehydrothermal regeneration cycles.

Hydrothermal regeneration of CNS-AC retains

substantial adsorption capacity for up to five

regeneration cycles before structural and chemical
degradation limits its reusability. The decline in
efficiency is primarily attributed to pore collapse,
functional group loss, and surface etching, which
affect both physical and chemical adsorption

mechanisms. The findings suggest that CNSAC is a

viable, low-cost, and sustainable alternative for

wastewater treatment applications, promoting
environmental conservation and public health
protection.
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