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Abstract: Water pollution, driven largely by the discharge of organic dyes from various industrial
processes, presents a grave environmental threat. This study delves into the promise of an
innovative adsorptive composite material composed of chitosan and activated charcoal, offering a
sustainable and efficient solution for removing methylene blue (MB) dye from water sources. Our
comprehensive investigation encompasses the synthesis, characterization, and adsorption
capabilities of this composite material, revealing its remarkable physicochemical attributes and its
substantial capacity to adsorb MB dye. These findings establish it as a compelling candidate for
water treatment applications. The assessment of adsorbent dosage shows a direct correlation
between higher dosages and enhanced MB dye removal, with an optimal dosage determined at 0.4
g/25 mL. Furthermore, pH-dependent studies demonstrate exceptional performance at lower pH
levels, achieving an impressive 95% removal rate at pH 3 after 240 minutes of contact time. The
composite exhibits consistent high removal percentages across a wide range of MB dye
concentrations, showcasing its adaptability. In terms of reaction time, the composite achieves peak
adsorption capacity within the initial 360 minutes and maintains a stable equilibrium, sustaining an
impressive 99% removal efficiency thereafter. This study underscores the eco-friendliness and cost-
effectiveness of the composite material, emphasizing its potential to address water pollution
challenges and promote sustainable water resource management. Overall, this research yields
valuable insights into a practical approach for mitigating the adverse impact of organic dyes on
aquatic ecosystems and public health.

Keywords: activated charcoal; chitosan; biopolymer; methylene blue; dye removal

1. Introduction

The contamination of natural water resources by synthetic dyes has become a global concern,
posing a significant threat to both aquatic ecosystems and human health [1]. Among these synthetic
dyes, Methylene Blue (MB) stands out as a particularly notorious pollutant due to its widespread use
in various industries, including textiles, printing, and dyeing. Characterized by its vibrant blue color
and remarkable stability, MB has come to symbolize the environmental challenges linked to
industrial wastewater discharge [2,3]. The unrestrained use of synthetic dyes in industrial processes
hasled to the release of a multitude of colorants into water bodies, precipitating severe environmental
and health-related issues [4-7]. These synthetic dyes, including MB, are often non-biodegradable and
exhibit a distressing persistence in water, rendering their removal a formidable endeavor [8,9]. In
response to these challenges, diverse wastewater treatment strategies have been devised, such as
coagulation, flocculation, oxidation, and membrane filtration [10-13]. While these methods offer
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some effectiveness, they often necessitate the use of chemical additives or energy-intensive processes,
consequently contributing to secondary pollution and escalating operational costs [14].

In this context, adsorption-based techniques have arisen as an appealing alternative for the
removal of synthetic dyes from water, offering simplicity, cost-effectiveness, and a minimal
environmental footprint [15-18]. Activated charcoal, with its remarkable surface area and potent
adsorption capacity, has garnered widespread recognition as an adsorbent material for dye removal.
Nevertheless, practical applications of activated charcoal are hampered by challenges such as
agglomeration, recovery difficulties, and the need for regeneration [19-21].

Concurrently, biopolymers have been gaining increased attention as environmentally friendly
alternatives for water treatment applications [22]. Chitosan, a biopolymer derived from chitin, the
second most abundant natural polymer after cellulose, has emerged as an attractive candidate owing
to its exceptional adsorption properties, stemming from its amino and hydroxyl functional groups.
Chitosan is biodegradable, non-toxic, and renewable, making it an appealing choice for developing
adsorbent materials [23-26].

Chitosan, a linear polysaccharide composed of 3-(1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine units, possesses unique properties that render it a versatile adsorbent material [24,27,28].
Its adsorption capabilities primarily arise from the abundance of amino and hydroxyl groups,
allowing it to form hydrogen bonds with a wide spectrum of molecules, including dyes. In aqueous
solutions with pH values below its pKa, the amine groups in chitosan become positively charged,
augmenting its affinity for cationic dye molecules like MB [29]. Additionally, chitosan's inherent
porous structure, derived from its natural polymer chains, provides a substantial surface area for dye
adsorption [30,31]. This intrinsic porosity can be further enhanced through modifications, such as
cross-linking, grafting, or blending with other materials, thereby improving its adsorption capacity
and stability. The ease of functionalization allows researchers to tailor chitosan-based adsorbents to
meet the specific requirements of various dye removal applications [31-34].

Activated charcoal, also known as activated carbon, represents a highly porous carbon material
produced from various organic precursors such as coconut shells, wood, and agricultural waste
[35,36] . The activation process involves heating the precursor material in the presence of an oxidizing
agent or gas to create a network of pores and increase its surface area [37]. This results in a material
with a vast number of active sites available for adsorption. The exceptional adsorption capacity of
activated charcoal arises from its extensive internal surface area, typically ranging from 300 to 2,500
m?/g, depending on the source material and activation method. These pores can adsorb a wide range
of contaminants, including organic molecules, gases, and heavy metals. However, the use of activated
charcoal in its raw form may be limited due to issues such as agglomeration, difficulty in recovery,
and limited reusability [38].

To address these limitations and optimize the adsorption performance of activated charcoal,
researchers have explored various modification techniques [39]. These modifications include
chemical functionalization, blending with other materials, and immobilization onto solid supports.
Such approaches aim to enhance the adsorption efficiency, improve selectivity, and facilitate the
recovery and regeneration of the adsorbent material [40,41].

The combination of chitosan and activated charcoal in the form of a composite material leverages
the unique properties of both components to create a synergistic adsorption system [42,43]. This
synergy not only elevates the overall adsorption capacity but also mitigates issues related to the
aggregation of activated charcoal particles [44,45]. Additionally, the immobilization of activated
charcoal within the chitosan matrix facilitates the recovery and reusability of the adsorbent. Chitosan-
activated charcoal composites have been explored in various environmental applications, including
the removal of heavy metals, organic pollutants, and dyes from wastewater [46,47]. The selection of
appropriate preparation methods, composite ratios, and activation techniques plays a crucial role in
tailoring the composite material for specific adsorption tasks.

In light of these considerations, this study embarks on a comprehensive investigation into the
development and application of a chitosan-activated charcoal adsorptive composite material for the
efficient removal of MB dye from water. The research is driven by a set of specific objectives: to
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synthesize chitosan-activated charcoal composite materials with varying ratios, thus optimizing their
efficacy in dye removal; to comprehensively characterize the physical, chemical, and structural
properties of these composites using advanced techniques including Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and thermogravimetric analyzer
(TGA); to rigorously evaluate the adsorption performance of these composite materials under various
parameters, enabling a deep understanding of their capabilities; and to assess the reusability and
regeneration potential of the composite materials, thereby contributing to sustainable and
environmentally friendly approaches for dye removal from water systems.

2. Materials and Methods

2.1. Materials

In our study, we employed a variety of materials sourced from reputable suppliers. High
molecular weight Chitosan, with a molecular weight ranging from 310,000 to 375,000 Daltons, served
as our primary biopolymer, and it was procured from Sigma-Aldrich in the United States. Additional
materials included methylene blue (MB), activated charcoal, and sodium chloride, all obtained from
the same reliable source, Sigma-Aldrich. To facilitate the crosslinking of Chitosan, we utilized
epichlorohydrin as a crosslinking agent, which was acquired from Fluka Analytical in Germany. It's
worth noting that all chemicals were utilized without any further purification to maintain consistency
in our experiments. Furthermore, to ensure the purity and reliability of our results, we conducted all
experiments using double distilled water as the solvent.

2.2. Synthesis of the chitosan-activated charcoal composite

The synthesis of the chitosan-activated charcoal adsorptive composite began with the
dissolution of 5 g of chitosan powder in a 500 mL solution of 2% acetic acid. This dissolution step,
which took place over the course of 60 minutes under continuous stirring, aimed to ensure the
complete integration of chitosan into the acetic acid medium. Following the successful dissolution of
chitosan, 1 g of activated charcoal was meticulously added in small portions to the chitosan-acetic
acid solution, while gentle stirring was sustained for an additional 30 minutes. Subsequently, a drop-
by-drop addition of an epichlorohydrin solution commenced, with the temperature maintained at
70°C, and slow stirring continued for 1 hours to facilitate the crucial crosslinking process. The
resultant white precipitate, formed as a result of the chemical interaction, underwent thorough
washing with distilled water to eliminate impurities and unreacted components. Subsequent to the
washing, the composite was dried overnight at 50°C in a hot air oven to remove residual moisture.
Prior to its utilization in adsorption experiments, the composite underwent a final preparation step
involving crushing using a pestle and mortar, followed by sieving through a 150-micron mesh to
ensure uniformity and eliminate oversized particles, thereby rendering it suitable for use in the
intended adsorption studies. The preparation methods of crosslinking Chitosan-activated charcoal
adsorptive composite material were shown in Figure 1.
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Figure 1. Schematic representation of the preparation of crosslinking Chitosan-activated charcoal
adsorptive composite material.

2.3. Characterizations of material

The comprehensive characterization of the synthesized materials played a pivotal role in this
study. After the synthesis process and subsequent drying, a multi-faceted approach was employed
to elucidate the key properties and composition of the materials.

To gain insights into the surface elemental compositions and to identify functional groups
present in both Chitosan and the Chitosan-Activated Charcoal composite material, Fourier transform
infrared (FTIR) spectroscopy was conducted. The FTIR analysis was performed using a Vertex 80
spectrometer from Bruker in the United Kingdom. Further exploration of the surface elemental
compositions and chemical states of both Chitosan and the Chitosan-Activated Charcoal composite
material was conducted using X-ray photoelectron spectroscopy (XPS). The XPS spectrometer
utilized for this purpose was the JEOL JPS-9030 model from Japan. Operating at 10 mA and 12 kV
with a Mg Ka X-ray source, XPS provided valuable insights into the chemical nature of the materials'
surfaces, facilitating a deeper understanding of their molecular composition and bonding
configurations.

The thermal and oxidative stability of the membrane were assessed using a thermogravimetric
analyzer (TGA) from Mettler Toledo, Austria. For this analysis, synthesized composite material
sample weighing 10 mg was placed in a ceramic pan and subjected to examination under a nitrogen
atmosphere at a constant flow rate of 40 mL/min. The heating rate was set at 20°C/min, ranging from
50 to 700°C. This TGA analysis offered valuable information regarding the synthesized composite
material's response to temperature changes and its oxidative stability, which are key factors in
determining its suitability for specific applications. Bottom of Form

2.4. Batch adsorption experiments

The removal of MB dye from aqueous solutions was systematically investigated through batch
adsorption experiments. A 50 mL plastic-stoppered round-bottle, equipped with a thermostatic
shaker operating at a constant speed of 150 rpm, served as the experimental setup. To maintain
consistency, the initial MB dye concentration was set at 25 mg/L, except when exploring
concentration effects. A total solution volume of 25 mL was treated in each experiment. The pH of
the solution was adjusted using 0.1 N HCl and 0.1 N H250s solutions. Several key process parameters,
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including solution pH within the range of 3 to 9, adsorbent dosage spanning from 0.1 g to 0.8 g/25
mL, and initial dye concentrations varying from 10 to 200 mg/L, were systematically examined to
understand their impact on MB dye removal. Following each experiment, the dye solutions
underwent filtration using Whatman filter paper, and the clear filtrate was analyzed for MB dye
concentration. The residual MB dye concentration was determined spectrophotometrically using a
UV-visible spectrophotometer (Agilent Technologies, Cary 60 UV-Vis) at the Amax of 665 nm. To
ensure the reliability of the results, experimental replicates were conducted at least twice to obtain an
average value, which is subsequently reported. The removal percentage of MB dye was calculated
according to the flowing equation:

C(] - Cf
Dye removal (%) = C x 100
0
where, Coand Crare initial and final concentration of dye.

3. Results and Discussion

3.1. X-ray Photoelectron Spectroscopy (XPS) analysis of synthesised material

XPS is a powerful analytical tool used to investigate the surface composition and chemical
functionalities of materials. In this study, XPS analysis was employed to characterize the surface
properties of two materials: chitosan and a cross-linked chitosan-activated charcoal composite
material. The XPS survey spectra for both materials are presented in Figures 2 and 3, allowing us to
gain insights into their elemental composition. Figure 2 illustrates the XPS survey spectrum of
chitosan. In this spectrum, we observe strong peaks at binding energies of 285 eV, 400 eV, and 532
eV, corresponding to the elements carbon (C), nitrogen (N), and oxygen (O), respectively. These
peaks are indicative of the elemental composition present on the surface of the chitosan material. The
presence of C, N, and O is consistent with what is expected for chitosan. Figure 3 displays the XPS
survey spectrum of the cross-linked chitosan-activated charcoal composite material. Similar to
chitosan, this spectrum exhibits prominent peaks at 285 eV, 400 eV, and 532 eV, signifying the
presence of C, N, and O elements on the material's surface.
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Figure 2. Surface Chemical Characterization of the Chitosan Material. (a) XPS Survey Spectrum. High-
resolution XPS Spectra and Peak Deconvolution of (b) C (1s) Spectra, and (c) N (1s) Spectra.
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Figure 3. Surface Chemical Characterization of the Chitosan-Activated Charcoal composite material.
(a) XPS Survey Spectrum. High-resolution XPS Spectra and Peak deconvolution of (b) C (1s) Spectra,
and (c) N (1s) Spectra.

This observation confirms that the composite material retains the elemental composition of
chitosan while incorporating activated charcoal. To delve deeper into the surface chemistry and
identify specific functional groups on the cross-linked chitosan-activated charcoal composite material,
high-resolution XPS spectra were analyzed, as demonstrated in Figure 3b and Figure 3c. Figure 3b
shows the high-resolution C (1s) spectrum of the composite material. In this spectrum, four distinct
peaks are discernible. The main peak at 281.8 eV is attributed to C-O or C=C bonds, suggesting the
presence of oxygen-containing functional groups. An intermediate peak at 283.6 eV corresponds to
C—C bonds, indicating the existence of carbon-carbon linkages. The peak at 285.2 eV is associated
with C-N bonds, indicating the presence of nitrogen-containing groups. Lastly, the peak at 287.6 eV
is attributed to the C=O bond, indicating the presence of carbonyl groups on the surface of the
composite material. Figure 3c presents the N (1s) core-level spectrum of the composite material,
which also exhibits four distinct peaks. The peak at 397.9 eV can be assigned to the C-N bond,
confirming the presence of nitrogen atoms involved in carbon-nitrogen interactions. The peak at 398.7
eV corresponds to the N-C—C bond, indicating the presence of alkylamine groups. Interestingly, there
is a minor typographical error in the text mentioning "4399.6 eV." It should read "399.6 eV." This peak
is likely attributed to the N-C=0 bond, suggesting the presence of amide or imine groups containing
oxygen. The presence of specific functional groups can influence the material's reactivity and
adsorption capabilities, making it a valuable candidate for various environmental and industrial
applications.

3.2. FTIR analysis of synthesised material

The FTIR analysis was employed to characterize the functional groups within both the chitosan
and the chitosan-activated charcoal composite material. As depicted in Figure 4, the infrared
spectrum of the composite material reveals several significant absorption bands. Notably, a strong
band at approximately 3283 cm ! can be attributed to N-H and O-H stretching vibrations, signifying
the presence of intramolecular hydrogen bonds within the material. Additionally, two absorption
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bands at approximately 2921 and 2868 cm' are indicative of C-H symmetric and asymmetric
stretching, respectively. These particular bands are commonly associated with polysaccharides and
are consistent with similar spectra of other polysaccharide materials. Further examination of the
composite material's spectrum confirms the presence of residual N-acetyl groups, as evidenced by
the absorption band at approximately 1646 cm?, corresponding to the C=O stretching of amide I.
Additionally, a minor band at 1547 cm, which corresponds to the N-H bending of amide II, is
observed. This band is characteristic of N-acetyl groups, although it may be partially overlapped by
other spectral features. Another noteworthy feature in the spectrum is the absorption band at 1596
cm!, representing the N-H bending of primary amines. Finally, the absorption band at 1219 cm™! can
be attributed to the asymmetric stretching of the C-O-C bridge, providing insights into the material's
structural composition. Two additional bands at 1076 and 1028 cm correspond to C-O stretching
vibrations, further contributing to our understanding of the functional groups and chemical bonds
present within the chitosan-activated charcoal composite material. These FTIR results offer valuable
information regarding the molecular composition and structural characteristics of the composite,
facilitating a comprehensive analysis of its potential applications and properties.

80 —— Chitosan
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Figure 4. FTIR spectra of synthesized materials depicting the molecular composition and functional
groups within the Chitosan-Activated Charcoal composite material.

3.3. Zeta-potential analysis of synthesised material

The zeta potential analysis results provide valuable insights into the surface charge
characteristics of Chitosan and its potential as a platform for adsorbing MB dye after cross-linking
with activated charcoal. As depicted in Figure 5, pure Chitosan displayed a zeta potential of -9 mV,
indicating a mild negative charge due to protonated amine groups (-NH-2) on its polymer chains.
While this suggests some degree of electrostatic repulsion among Chitosan particles, the relatively
low magnitude may make it susceptible to aggregation, limiting its adsorption capacity for MB dye.
However, after cross-linking with activated charcoal, the chitosan-activated charcoal composite
material exhibited a substantial increase in zeta potential, measuring at -26 mV. This significant
enhancement in negative zeta potential is promising for adsorption applications. The introduction of
activated charcoal, known for its negatively charged functional groups, likely played a crucial role in
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this increase. The higher negative charge implies improved electrostatic repulsion among particles in
the composite material, enhancing its stability and potential as an efficient adsorbent for MB dye.
This substantial zeta potential increase suggests that the chitosan-activated charcoal composite
material could be a highly effective adsorbent for MB dye removal from aqueous solutions. Its
enhanced surface charge and improved stability make it well-suited for applications in wastewater
treatment and environmental remediation, where efficient dye removal is crucial. Further studies to
characterize its adsorption capacity would be valuable for confirming its suitability in practical dye
removal processes.
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Figure 5. zeta potential distribution synthesised materials (a) chitosan and (b) chitosan-activated
charcoal composite materials.

3.4. Thermogravimetric analysis (TGA) of synthesised materials

TGA serves as a valuable analytical tool for assessing the thermal characteristics, composition,
and purity of materials. In our study, we utilized TGA to investigate the impact of cross-linked
activated charcoal on the thermal stability of chitosan, depicted in Figure 6. The results of the TGA
analysis, along with their corresponding derivative thermogravimetry (DTG) plots, are presented in
Figure 6 for both chitosan and the cross-linked chitosan-activated charcoal composite material. In
Figure 6a, the TGA curve for chitosan reveals a distinct weight loss pattern, indicating the onset of
polymer chain decomposition. This decomposition process commences at approximately 156°C and
extends up to 316°C. These temperature ranges mark the significant thermal degradation zones for
pure chitosan. Conversely, Figure 6b depicts the TGA curve for the chitosan-activated charcoal
composite material. Here, we observe a noticeable shift in the thermal stability profile compared to
pure chitosan. The composite material exhibits thermal degradation beginning at approximately
223°C and continuing until around 323°C. This extended thermal stability range suggests that the
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presence of activated charcoal has a substantial influence on enhancing the thermal stability of the
chitosan matrix. These results emphasize the beneficial impact of activated charcoal cross-linking on
the enhanced thermal stability of the composite material compared to pure chitosan.
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Figure 6. Thermogravimetric analysis of synthesized materials, including (a) chitosan and (b)
chitosan-activated charcoal composite materials.

3.5. Effect of adsorbent dosage on the adsorption capacity

The impact of adsorbent dosage on the removal of MB dye from aqueous solutions was
thoroughly investigated in this study. Various dosages of the adsorbent, ranging from 0.1 g to 0.8
g/25 mL of the solution, were examined while keeping other parameters constant, including an initial
MB dye concentration of 25 mg/L, a pH level of 7, a contact time of 240 minutes, and a temperature
of 25°C. The results of this investigation are presented in Figure 7, which illustrates the relationship
between adsorbent dosage and the percentage removal of MB dye. As seen in Figure 7, an intriguing
trend emerges with changes in the adsorbent dosage. It becomes evident that the removal efficiency
of MB dye increases as the dosage of the adsorbent is augmented. This observed phenomenon can be
attributed to several factors. Firstly, the increase in the adsorbent dosage provides a larger surface
area available for interaction with MB dye molecules. Consequently, a greater number of active
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adsorption sites become accessible for the dye molecules to attach to, enhancing the overall
adsorption capacity. Figure 6 further reveals that the adsorption of the MB dye exhibits a rapid
increase up to an adsorbent dosage of 0.4 g/25 mL. Beyond this point, there is only a marginal increase
in adsorption efficiency with further increments in adsorbent dosage. This observation indicates that
there is an optimal dosage at which the adsorption process achieves maximum efficiency, and beyond
this point, additional adsorbent does not significantly contribute to increased dye removal. Based on
the findings presented above, it is evident that the optimum adsorbent dosage for achieving the
maximum removal efficiency of MB dye from wastewater is 0.4 g/25 mL. This dosage strikes a balance
between providing an ample surface area and active sites for adsorption while avoiding excess
adsorbent that may not substantially improve the removal process. Therefore, 0.4 g/25 mL is the
recommended dosage for effective MB dye removal in this study.
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Figure 7. Effect of adsorbent dosage (0.1 g to 0.8 g/25 mL) on the removal of MB dye.

3.6. The effect of pH on the adsorption capacity

The pH of a solution is a critical factor affecting the efficiency of adsorption processes,
particularly when employing chitosan and chitosan-activated charcoal composite materials for the
removal of dyes from aqueous systems. To gain a comprehensive understanding of this effect, we
conducted a series of experiments covering a pH range from 3 to 9, maintaining a consistent
adsorbent dosage of 0.6 g/25 mL, a temperature of 25 °C, an initial MB dye concentration of 25 mg/L,
and a contact time of 240 minutes. The results of these experiments are presented in Figure 8. Figure
8 provides a compelling visualization of the pH-dependent trends in MB dye removal when using
the composite material. It is evident that as the pH level increased from 3 to 9, the removal efficiency
of MB dye experienced a notable decrease. Remarkably, the highest removal rate, reaching 95%, was
attained at a pH of 3 after 240 minutes of contact time, outperforming the performance of chitosan as
an adsorbent under the same conditions. The enhanced removal of MB dye at lower pH values can
be attributed to the unique characteristics of the chitosan-activated charcoal composite material.
Specifically, under acidic conditions (pH 3), this composite material becomes positively charged. This
positive charge results from the interaction between the acidic pH and the functional groups on the
surface of the material, creating an electrostatic attraction between the cationic MB dye molecules and
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the positively charged composite material. This attractive force facilitates the adsorption of MB dye
onto the composite, leading to significantly improved adsorption efficiency at pH 3. Conversely, the
decrease in MB dye removal percentage observed at higher pH values (pH 9) can be attributed to a
different set of interactions. At higher pH levels, the aqueous solution contains an excess of hydroxyl
ions (OH-), which introduces competition for the available adsorption sites on the surface of the
adsorbent material. This competition arises because the anionic groups present in the MB dye
molecules and the hydroxyl ions both seek to occupy the adsorption sites. Consequently, the
adsorption efficiency of the dye decreases as the OH-ions interfere with the binding of MB dye to the
adsorbent surface. These findings underscore the importance of pH control when designing efficient
adsorption processes for dye removal from aqueous systems using composite materials.

110
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100 + —@— Chitosan-activated charcoal composite
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Figure 8. Effect of pH (3 to 9) on dye removal.

3.7. Effect of dye concentration on the adsorption capacity

The influence of MB dye concentration on the adsorption capacity was a critical aspect of our
study. To explore this, we conducted experiments across a range of MB dye concentrations,
specifically at levels of 10, 25, 50, 100, and 200 mg/L. Throughout these experiments, we maintained
a consistent adsorbent dosage of 0.4 g/25 mL, a temperature of 25°C, and a pH level of 7. The
outcomes of these experiments are depicted in Figure 9, which graphically represents the relationship
between MB dye concentration and the removal efficiency. The results obtained clearly demonstrate
a significant and noteworthy trend. The removal percentage of MB dye exhibited an inverse
relationship with its concentration in the solution. In other words, as the MB dye concentration
increased, the removal efficiency decreased. For chitosan, the removal efficiency decreased from 25%
at a lower MB concentration of 10 mg/L to 5% when the concentration was increased to 200 mg/L.
This trend suggests that chitosan's adsorption capacity is adversely affected by higher concentrations
of MB dye. Conversely, the chitosan-activated charcoal composite material displayed a different
behavior. It exhibited a removal percentage ranging from 95% at alower MB concentration of 10 mg/L
to 81% when the concentration was raised to 200 mg/L for the cross-linked activated charcoal with
chitosan composite. This indicates a relatively high and consistent adsorption capacity, even at higher
MB dye concentrations, compared to chitosan alone. The observed decrease in removal efficiency at
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higher dye concentrations can be attributed to the saturation of adsorption sites on the adsorbent
surface. As the concentration of MB dye in the solution increases, there is a higher competition for
available adsorption sites, leading to a reduced overall adsorption efficiency.
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Figure 9. Effect of dye concentration (10-200 mg/L) on the removal of MB dye.

3.8. Effect of reaction time for dye adsorption capacity

The investigation into the effect of reaction time on the adsorption capacity of MB dye was a
crucial aspect of our study. To explore this, experiments were conducted over a range of reaction
times, extending up to 600 minutes, using both chitosan and the chitosan-activated charcoal
composite adsorbent material. These experiments were performed at a constant adsorbent dosage of
0.4 g/25 mL, a temperature of 25°C, and a pH level of 7. The results obtained from these experiments
are depicted in Figure 10, which illustrates the relationship between reaction time and the removal
efficiency of MB dye. From the data presented in Figure 10, it is evident that the composite adsorbent
material exhibited a distinct trend in its response to varying reaction times. Initially, the removal
percentage of MB dye increased significantly with time, reaching 95% removal efficiency at 360
minutes of reaction time. Subsequently, the dye adsorption remained constant, with a maximum
removal percentage of 99% achieved. This behavior signifies that the composite adsorbent reached
its maximum adsorption capacity within the first 360 minutes of the reaction, after which it achieved
a state of equilibrium. Beyond this point, further prolonging the reaction time did not lead to a
substantial increase in the removal efficiency, indicating that the adsorption sites on the composite
material had become saturated. In contrast, the chitosan material displayed a comparatively lower
removal percentage across different reaction times. This observation suggests that chitosan reached
its adsorption equilibrium at a lower efficiency level compared to the composite material and was
less effective in removing MB dye from the solution, regardless of the reaction time. The chitosan-
activated charcoal composite material exhibited remarkable efficiency, with a rapid increase in
removal percentage up to 360 minutes, followed by a plateau at 99%. This underscores the importance
of optimizing reaction times in adsorption processes to achieve maximum pollutant removal.
Additionally, the composite material clearly outperformed pure chitosan in terms of MB dye removal,
emphasizing its potential as an effective adsorbent for wastewater treatment applications.
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Figure 10. Effect of contact time on the adsorption of MB dye.

4. Conclusions

In conclusion, our research successfully yielded chitosan-activated charcoal composite materials
via crosslinking with epichlorohydrin, with the overarching goal of creating a highly effective
adsorbent for the removal of MB dye from water. Employing advanced analytical techniques,
including FTIR, XPS, and TGA, we comprehensively examined the physical, chemical, and structural
attributes of these composites. The XPS analysis unequivocally confirmed that the composite material
retains chitosan's elemental composition while incorporating activated charcoal, a pivotal factor in
its adsorption capabilities. Additionally, FTIR analysis afforded insights into the functional groups
present in both chitosan and the composite, enhancing our understanding of its chemical structure.
Of particular note, the zeta potential analysis underscored the augmented surface charge
characteristics of the chitosan-activated charcoal composite following cross-linking, which
substantially bolstered its adsorption potential. Significantly, TGA analysis revealed a substantial
shift in thermal stability compared to pure chitosan, showcasing the vastly improved stability of the
composite material. When we delved into the influence of adsorbent dosage, a captivating trend
emerged: the removal efficiency of MB dye increased proportionally with higher dosages,
culminating at 0.4 g/25 mL, after which additional increments yielded diminishing returns. This
pivotal finding highlights the existence of an optimal dosage for maximizing dye removal efficiency.
Exploring the pH-dependent trends, we observed the composite's exceptional performance in lower
pH conditions, achieving a striking 95% removal rate at pH 3 after 240 minutes of contact time,
surpassing the efficacy of chitosan in isolation. This underscores the composite's potential in the
effective removal of dyes in acidic environments. Furthermore, our examination of the influence of
MB dye concentration unveiled a distinctive behavior in the composite, maintaining high removal
percentages across a spectrum of concentrations, ranging from 95% at 10 mg/L to 81% at 200 mg/L.
This versatility positions it as a valuable tool for efficient dye removal under diverse circumstances.
Lastly, across varying reaction times, the composite adsorbent exhibited a unique pattern, reaching
its peak adsorption capacity within the initial 360 minutes before attaining a stable equilibrium with
an impressive 99% removal efficiency. In conclusion, our study underscores the considerable promise
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of the chitosan-activated charcoal composite material as an adsorbent for MB dye removal from water,
offering enhanced efficiency, stability, and adaptability across a range of conditions. Further research
and optimization endeavors are warranted to fully harness its potential for addressing water
pollution challenges and environmental remediation.
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