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In the present study, a chitosan-impregnated activated carbon derived from
sugarcane bagasse (Cs-Act SB) has been synthesized for the removal of Alizarin
Red S (ARS) dye from an aqueous solution. The dried sugarcane bagasse sample
was rinsed with 0.5% HCl to eliminate impurities and subsequently dried
overnight at 110°C. Thereafter, it was subjected to carbonization in a furnace at
600°C for 2 h to produce sugarcane bagasse biochar (SB). The SB was then
chemically activated using NaOH and physically activated in a muffle furnace at
750°C for 2 h to produce activated carbon (Act-SB). The obtained Act-SB was then
modified using chitosan to yield Cs-Act SB biocomposite. The Act-SB and Cs-Act
SB were characterized based on moisture content and ash content, pH points of
zero charge (pHpzc), FT-IR, SEM-EDX, and TGA-DTA analysis. The Cs-Act SB has
amoisture content of 4.0% and an ash content of 3.40%, respectively. The results
show that the adsorbent process is desirable at low pH under acidic conditions (pH
2) with a pHpzc of 4.58. Based on the FT-IR spectra, the characteristic peaks of the
chitosan were shown for Cs-Act SB at 3440 cm-*due to the stretching vibration of
the hydroxyl and amino functional group. The surface of Cs-Act SB has an
irregular and heterogeneous surface and has high carbon content (84.42%). The
TGA-DTA results showed the stability of Cs-Act SB with respect to temperature.
Moreover, the adsorption kinetics were found to follow a pseudo-second-order
kinetic model, and the adsorption isotherms are best described by the Langmuir
model for both Act-SB and Cs-Act SB. The determined Langmuir maximum
adsorption capacity of Cs-Act SB and Act-SB for the ARS dye adsorption were
78.13 mg g and 30.03 mg g, respectively. Kinetics and adsorption isotherm
studies suggest that the capacity, equilibrium constant, and energy of the Cs-Act
SB in adsorbing ARS dye are improved compared to Act-SB.

1. Introduction

physical, and biological processes. Due to its aromatic
amine groups, ARS has high physicochemical stability

Alizarin Red S (ARS), also known as 1,2-dihydroxy-
9,10-anthraquinonesulfonicacid is a water-soluble
anthraquinone dye synthesized by sulfonation of alizarin.
It has been widely used in textile dyeing [1], acid-base
indicator (pKa 4.6 — 6.5) that exhibits a distinct color
change from yellow to purple in the pH range of 2-12 [2],
and biological staining [3].

ARS is an extremely persistent anthraquinone dye
that cannot be completely degraded by general chemical,

and photothermal stability, which makes it resistant to
biodegradation [4, 5]. The toxicity and carcinogenic
effects of these persistent and non-biodegradable
pollutants are widely known [6]. Despite the excessive use
of ARS at the commercial scale, the accumulation of this
particular dye in water sources poses severe health risks
to both the aquatic ecosystem and humans, including
irritations that can cause harm to the eyes, skin, and
respiratory system [7].
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Numerous techniques have been employed to
eliminate dyes from wastewater, such as ion-exchange
[8], precipitation [9], membrane-based separation [10],
electrochemical degradation [11], advanced oxidation
process [12], ultrafiltration [13], and catalytic ozonation
[14]. Among these techniques, adsorption stands out as
the most commonly used method of dye removal that has
significant advantages, including its versatility, simple
design and operation, cost-effectiveness, -efficient
regeneration, and environmentally friendly adsorbents
[15,16,17].

In recent years, numerous research studies have
focused on the sustainable development of eco-friendly
adsorbents for water treatment. The development of
activated carbon derived from agricultural waste,
particularly lignocellulosic materials, has been studied.
Utilizing agricultural waste for activated carbon
production addresses waste disposal issues, provides a
sustainable method for producing high-value
adsorbents, and offers a low-cost alternative that makes
them economically viable for large-scale applications [18,
19].

One agro-industrial waste that is abundant in
Indonesia is sugarcane bagasse. Due to its high organic
carbon content, it may be used as a feedstock to produce
activated carbon. The raw sugarcane bagasse is mainly
composed of cellulose (45—55 wt%), hemicellulose (20—
25 wt%), and lignin (18-24 wt%) [20]. This
lignocellulosic structure provides a natural framework
for adsorption due to its porous nature and high surface
area [21].

However, the primary drawback of raw sugarcane
bagasse biochar is that it has a negatively charged surface,
which reduces its effectiveness, particularly when it
comes to the adsorption of ARS and other anionic
pollutants [22]. Consequently, a variety of modifications,
particularly those involving metal or metal oxide
impregnation, have been noticed to increase the
adsorption capacity of biochar.

Although metal impregnation has been found to
increase the adsorption capacity of sugarcane bagasse
biochar, the majority of metals are poisonous; therefore,
additional treatment is required before the saturated
biosorbent may be disposed of in the environment [22]. In
this article, we described an alternative method for
modifying sugarcane bagasse biochar that may also be
used to remove ARS anionic dye from aqueous solution.

Chitosan is one of the most often utilized
biomolecules in the adsorption of various water
pollutants due to its numerous superior properties,
including its adsorption capacity, biodegradability, and
biocompatibility [23]. It is a cationic biopolymer derived
from chitin, which is known for its high adsorption
capacity due to the presence of amino (-NH.) and
hydroxyl groups (OH-) [24]. In wastewater treatment
methods, these groups are considered active adsorbent
sites for eliminating specific contaminants, including
heavy metals and synthetic dyes. Furthermore, the amine

functional groups in chitosan may interact with different
kinds of contaminants in an aqueous solution because
they can transform into a polyelectrolyte with positively
charged ions, particularly in acidic environments [25].

Scientists have recently developed biocomposites
from biomass that are more effective at removing
pollutants and dyes from water than raw biomass. This is
achieved through chemical pretreatment, increased
surface area, enhanced functional groups, and the
development of composite materials, making them
highly effective for wastewater treatment applications
[20].

In this study, we developed an eco-friendly, high-
performance adsorbent derived from sugarcane bagasse
and modified with the chitosan biopolymer to enhance
the removal of the ARS anionic dye. The composite in this
work was synthesized under mild conditions.
Furthermore, the use of locally available sugarcane
bagasse promotes the valorization of agricultural waste,
supporting cost-effectiveness and the circular economy
principle.

The adsorption performance of the prepared Cs-Act
SB adsorbent to ionic dyes was evaluated using anionic
ARS as a model dye. The moisture content, ash content,
and pHpzc of the adsorbent were determined.
Furthermore, the characterization of Cs-Act SB
adsorbent was investigated using FTIR (Fourier-
Transform Infrared Spectroscopy), SEM-EDX (Scanning
Electron Microscopy-Energy Dispersive X-ray), and
thermal analysis (Thermogravimetric Analysis). UV-Vis
spectroscopy was used to examine the effect of various pH
levels on the prepared CsAct-SB adsorbent’s ability to
remove the ARS dye.

2. Experimental

2.1. Materials

Chitosan (75-85% deacetylation) and acetic acid
(CH;COOH) were all analytical reagent grades and
purchased from Sigma-Aldrich. Hydrochloric acid (HCI)
(purity 37%), sodium hydroxide (NaOH), ethanol, nitric
acid, and sodium bicarbonate were purchased from
Merck. Alizarin Red S (C1,Hs0,S) dye was used in this
work. Table 1 presents the chemical structure and
characteristics of the dye. A suitable quantity of the dye
was dissolved to produce a stock solution with an initial
concentration of 1000 mg L.

2.2. Preparation of Sugarcane Bagasse Biochar (SB)

The preparation of SB, Act-SB, and Cs-Act SB was
performed according to previously reported in the
literature, with some modifications [26]. The sugarcane
bagasse was collected from Colomadu District, Central
Java, Indonesia. After being properly cleaned with
deionized water and cut into small pieces, the material
was dried at 105°C for 24 hours in a laboratory oven. The
dried sugarcane bagasse was washed with 0.5% HCI to
eliminate impurities and dried overnight at 110°C.
Thereafter, it was carbonized for 2 hours at 600°C in a
furnace to produce the sugarcane bagasse biochar (SB).
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Table 1. Characteristic of ARS dye

Characteristic

Name Alizarin Red S

Chemical Structure

o] OH
OH
l I I SO;Na

o

Synonym 3,4-dihydroxy-9,10-dioxo-2-anthracenesulfonic acid sodium salt

Formula Ci,H;NaO;S

Type dye Anthraquinone

Molar mass (g.mol-?) 342.26

Color Index Number 58005

Color Ygllow below pH 3.7, yellow to purple between 3.7 and 5.0, and red at
higher pH 5.0

Solubility in water 1mg mL-(20°C)

Amax Acidic 434, neutral 423, basic 539 [27]

2.3. Preparation of Activated Carbon Derived from
Sugarcane Bagasse (Act-SB)

The SB was immersed in a 2 M NaOH solution. The
resulting sample was then dehydrated in an oven at 110°C
and activated in a muffle furnace at 750°C for
approximately 2 hours to produce activated carbon (Act-
SB). The obtained Act-SB was rinsed with deionized water
to remove any of the remaining contaminants until the
pH of the filtrate reached 7-8. The Act-SB adsorbent was
dried overnight in an oven at 120°C. The dried particles
were pulverized and sieved. Particles between 250 and
300 pm were selected for chitosan (Cs) impregnation to
preserve the structural stability of the adsorbent and
maintain sufficient surface reactivity for an effective Cs
modification. Similar particle-size selection has been
reported in chitosan-based dye adsorption [28].

2.4. Preparation of Chitosan-Impregnated Activated
Carbon Derived from Sugarcane Bagasse (Cs-Act
SB)

The Cs-Act SB was prepared by dissolving 2 g of
chitosan flakes in 100 mL of 2% v/v acetic acid solution
while stirring constantly for 6 hours at 45°C. Following
the complete dissolution of the chitosan, 2 g of Act-SB
was added to the mixture and vigorously stirred for
6 hours at 45°C to produce Cs-Act SB. It was then filtered
and washed thoroughly with distilled water until the pH
was neutral. The prepared adsorbent was put in a
desiccator for future use after being oven-dried overnight
at 110°C. The illustration of preparation is shown in
Figure 1.

2.5. Ash Content and Moisture Content Studies of Act-
SB and Cs-Act SB

Approximately 0.5 g of prepared adsorbent was
heated in a muffle furnace at 700°C for 6 hours, and then
the final weight was measured. Furthermore, the
moisture content was determined by heating 0.05 g of the

prepared adsorbent in an oven at 110°C overnight. It was
then allowed to cool to room temperature in a desiccator
before being weighed. The dry weight of ash content and
the moisture content of Cs-Act SB were calculated using
Equation (1) and Equations (2) to (5), respectively.

weight (ash+crucible)—weight (crucible)

%) =
Ash content (AJ) dry weight of the sample X 100 (1)
. L i i
Moisture content (%) = 0ss in moisture (9) x 100 (2)

initial weight of the sample (g)
loss in moisture = initial weight (g) — final weight (g)  (3)

initial weight =
wet or original weight of sample before drying (4)

final weight = weight of sample after drying (5)
2.6. Characterization of Act-SB and Cs-Act SB

A Hanna Instruments HI 2211 benchtop pH meter was
used to test the pH of the buffer solutions and Alizarin Red
S dye. The functional groups of the adsorbent were
characterized using FTIR (Fourier Transform Infrared)
spectroscopy (Prestige-21, Shimadzu). A SEM-EDX (FEI-
Quanta 250) was used to investigate the surface
morphology and chemical composition of the adsorbent.
UV-Visible spectrophotometer (Shimadzu UV-Vis 1780)
to determine the concentration of dye.

2.7. Determination of pHpzc

Approximately 0.01 g of the Cs-Act SB was added to
15 mL of pH-adjusted NaCl (0.01 M) solution, which
ranged from 2 to 12, and the mixtures were allowed to
shake at the equilibrated shaker for 48 hours at ambient
temperature. The pH of NaCl was adjusted using 0.1 M of
HCI and 0.1 M of NaOH. The final pH was obtained after
being shaken, and it was plotted against the initial pH
(pHi) using the formula ApH = pHinitia — pHfinal. The pHepzc
value is the cross point where the curve ApH versus pH;
crosses the line ApH = 0.
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Figure 1. The schematic representation of the preparation of Cs-Act SB

2.8. Batch Adsorption Study

To investigate the effect of pH on the adsorption of
ARS on Cs-Act SB, 0.05 g of adsorbent as the initial
adsorbent dosage was added to 25 mL of 150 mg L-* of dye
solution, and pH was measured from 2 to 10 by adding 0.1
M NaOH and/or 0.1 M HCI for 60 minutes. All adsorption
experiments were conducted at a constant agitation speed
of 160 rpm. Meanwhile, for adsorbent dosage studies on
ARS dye adsorption, the experiment was performed at
various adsorbent dosage conditions (0.01-0.08 g) at an
optimum pH of 2, with 25 mL of a 150 mg L-* dye solution,
and stirred for 60 minutes at a stirring speed of 150 rpm.
The suspension was then centrifuged, and the
supernatant was analyzed by UV-visible
spectrophotometry. The absorbance of ARS was measured
at 500 nm, which corresponds to the maximum
absorption wavelength (Amax) of ARS in the pH range used
in this study, as confirmed by preliminary UV-Vis scans.

The amount of ARS in the samples was measured
based on the standard curve. Five standard solutions,
covering an ARS concentration range of 1-8 mg L1, were
used for all calibrations to generate a standard curve. The
removal efficiency (R, %) of ARS was determined
according to Equation (6).

R (%) = ©“=52 % 100 (6)
0

To calculate ARS concentration in the solution after
each experiment, the adsorption capacity (qe) was
determined using Equation (7).

Ge=(Co = C) X - (7)

Where, Co (mg L") and Ce (mg L") are the initial and
equilibrium ARS dye concentrations, respectively, while
m (g) and V (L) are the weight of the adsorbent and the
volume of aqueous solution, respectively.

2.9. Adsorption Kinetics

A total of 0.02 g of Cs-Act SB was added to 25 mL of
150 mg L1 of ARS dye solution, and the adsorption process
was conducted over varying contact times of 0, 20, 40, 60,
100, 120, 160, 200, 240, 280, 320, 360 minutes at a pH of
2. The data collected from these experiments were
utilized to analyse the adsorption kinetics by fitting the

results to various kinetic models, including pseudo-first-
order (Equation 8) and pseudo-second-order (Equation
9) models.

In(qe —q;) =Inq, — kst (8)

=t (9)

ac  kadi 4

Where, Ca and Co are the concentrations at time t and
initial time (mg L), respectively. k is the rate constant, t
is the contact time (min), qe and q: are the adsorbed
amounts at equilibrium and at time t (mg gv),
respectively.

2.10. Adsorption Isotherm

A total of 0.02 g of Cs-Act SB was added to 25 mL of
ARS dye solution, and the adsorption process was
conducted over varying concentrations of 40, 60, 80,100,
120, 140, 160, 200, 250, and 300 mg L-* at a pH of 2. The
suspensions were agitated at the optimum contact time
using a mechanical shaker. Afterward, the mixtures were
filtered, and the filtrates were analyzed using a UV-Vis
spectrophotometer. The data were then fitted to the
Langmuir (Equation 10) and the Freundlich (Equation 11)
isotherm models.

Ce 1 1
=== Cot— 10
Q@ Qm ¢ + K1.Qm (10)

InQ, = InKp + %ln Ce (11)

Where, K. (Lmg) and Kr ((mg g-?) (L mg-1)*n) are the
Langmuir and the Freundlich isotherm constants related
to adsorption strength and capacity, respectively, 1/n is
the heterogeneity factor of the Freundlich model, Qe (mg
g1 is the adsorption capacity of dye molecules at
equilibrium, Qm is the maximum adsorption capacity, and
Ce (mg L) is the concentration of the dye solution at
adsorption equilibrium. Furthermore, the adsorption
energies were calculated using the Gibbs energy (AG°)
(Equation 12).

AG" = —RTIn(K) (12)

Where, R is the thermodynamic gas constant (8.314 ]
mol-K-?) and T (K) is the adsorption temperature. In the
Langmuir equation, K = b, where b is the theoretical
adsorption coefficient of Langmuir.
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3. Results and Discussion

3.1. Ash Content and Moisture Content of Act-SB and
Cs-Act SB

Cs-Act SB was synthesized using a two-step co-
precipitation technique. The Act-SB was produced in the
first stage by synthesizing sugarcane bagasse biochar and
activating it with NaOH solution. The Cs-Act SB was
produced in the second stage by impregnating Act-SB
with chitosan solution. Both of Act-SB and Cs-Act SB are
black in color.

As illustrated in Table 2, the moisture content of Cs-
Act SB adsorbent was 4%, indicating a high surface area
and a large number of active sites. It also demonstrated
the existence of a hydrophilic functional group on the
hydrophobic adsorbent surface. Furthermore, the ash
content was low, around 3.4%. This can be ascertained
and verified by elemental analysis, which validates the
high carbon content compared to other elements.

3.2. Adsorbent Characterization
3.2.1. FTIR analysis

The FTIR spectra for SB, Act-SB, and Cs-Act SB are
presented in Figure 2. The spectra show that all samples
have a broad peak between 3430 cm™ and 3401 cm™,
which is attributed to the O—H or N—H stretching region
[29]. In Act-SB, a peak at 3402 cm™ corresponds to the
O- H stretching vibration. Meanwhile, after chitosan
modification, the basic characteristic peaks of the
chitosan were shown for Cs-Act SB at 3440 cm-'due to the
stretching vibration of hydroxyl and amino functional
group (O—H stretching and N—H stretching, overlapped)
[30]. These peaks confirm the success of the synthesis of
the Cs-Act SB. Furthermore, peaks at 3061 cm-and 2956
cm correspond to the C—H stretching vibration. The
peak around 1577 cm™ exhibits the presence of C—N
stretching and N-H bending vibrations.

CsAct-SB Act-SB SB
2
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Figure 2. The FTIR spectra of Cs-Act SB, Act-SB, and SB

Table 2. Ash and moisture content of the adsorbent

Ash content Moisture content
(%) (%)

Act-SB 1.6 10
CsAct-SB 3.4 4

Adsorbent

Moreover, a peak corresponding to C=0 stretching is
observed in the range of 1705 cm™ to 1710 cm7,
suggesting the carboxyl groups are present in all samples
[31]. The C=0 stretching and C=C vibrations of aromatic
structures in lignin are linked to the bands present in SB
and Act-SB between 1711 and 1586 cm-! [32]. The peak at
1242 cm™ to 1197 cm-, which corresponds to C—-0-C
vibrations in cellulose and hemicellulose, is observed
[33]. In conclusion, the efficient synthesis of the Cs-Act
SB adsorbent has been further confirmed by the
observation of functional groups that contribute to the
effective adsorption process, including hydroxyl, amino,
carboxyl, and aliphatic groups.

3.2.2. SEM-EDX analysis

Analysis of surface morphology and elemental
determination was performed using a Scanning Electron
Microscope coupled with an Energy-Dispersive
Spectrometer. The surface morphological properties and
EDX of the SB biochar, Act-SB, and Cs-Act SB are
represented in Figures 3 and 4.

A noticeable difference can be observed between the
activated carbon before and after impregnation with
chitosan. Before impregnation, the material is more
regular in nature with a smooth texture. After chitosan
impregnation, the surface of Cs-Act SB has an irregular
and heterogeneous surface. This indicates that an
interaction between Act-SB and chitosan had occurred.
Moreover, the porous and folded surface of the adsorbent
increases its surface area and, consequently, its
adsorption capacity.

The elemental composition of Cs-Act SB was
examined using the EDX. Based on the EDX spectra of SB,
Act-SB, and Cs-Act SB, all materials contain carbon and
oxygen as constituent elements, along with a slight
impurity of Ca in Act-SB and Cs-Act SB. Before chitosan
impregnation, the carbon and oxygen content in Act-SB
were 80.71% and 19.04%, respectively. These results were
similar to the previous study, that the percentage of
carbon in sugarcane bagasse after the activation process
was 80.13% [34]. After impregnation, the carbon and
oxygen content were found to be slightly higher than
those of Act-SB.

(a) 1000% (b) 1000x

(c) 1000=

Figure 3. Morphology of (a) SB, (b) Act-SB, (c) Cs-Act SB
at 1000x and 5000x magnifications
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Figure 4. EDX of (a) SB, (b) Act-SB, and (c) Cs-Act SB
3.2.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was employed to
investigate the thermal behaviour of the prepared Cs-Act
SB. The Cs-Act SB is thermally evaluated in a 25-700°C
temperature range to determine the thermal stability
against temperature. The weight loss is recorded when
the temperature is raised to 700°C.

From Figure 5, Cs-Act SB exhibits two decomposition
steps. The first stage, characterized by a weight loss of
11.99%, is observed when the temperature is increased
from 30°C to 120°C, attributed to the evaporation of water
from the adsorbent surface and its moisture content [35].
The second loss occurred in the range of 325-400°C. This
is probably caused by thermal degradation of volatile
components in the material, including dehydration of
saccharide rings, polymerization, and decomposition of
polymer units [36]. Moreover, the complete degradation
above 500°C indicates the stability of this adsorbent
against high temperatures.

3.3. Determination of the Point of Zero Charge (pHrzc)

The pHprzc is a crucial factor in adsorption processes.
The pHpzc is the pH at which the adsorbent surface has an
equal quantity of positive and negative charges, resulting
in a net zero charge, or the state at which the density of
electrical charge on a surface is equal to zero. Figure 6
shows that the pHpzc of the Cs-Act SB was 4.58, indicating
that there was no net charge on the surface of the
adsorbent at this pH.
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Figure 5. The thermogravimetric curves for Cs-Act SB
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Figure 6. The pHpzc for Cs-Act SB

A pH below pHpzc (lower than 4.58) indicates that the
amine group in chitosan has been protonated. By adding
a proton to the amine groups, the surface of the chitosan
becomes positively charged [27]. As a result, in acidic
conditions (pH was lower than pHpzc), the amine groups
were likely to be positively charged due to protonation,
affecting the surface charge properties of the Cs-Act SB.

3.4. The Effect of pH on ARS Dye Adsorption

The pH of the aqueous solution is a significant factor
influencing the adsorption characteristics of both the
adsorbent and the adsorbate. The pH influences the
surface polarity of the Cs-Act SB adsorbent, ionic
mobility, and chemical properties of the ARS dye solution.
Electrostatic interaction between adsorbate and
adsorbents can occur because both adsorbent and
adsorbate may contain functional groups that can be
protonated or deprotonated to produce different surface
charges in solution at various pH values [37]. The effect of
pH on the removal of ARS using the Cs-Act SBis presented
in Figure 7.

The pHpzc of the Cs-Act SB was found to be 4.58,
indicating that the adsorbent surface is positively charged
below this pH and negatively charged above it. This effect
is attributed to the functional groups present in the
adsorbent. At low pH, the amine groups (—NH.) in
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chitosan become protonated (—NH;*), making the surface
cationic. As the pH rises, these groups deprotonate,
leaving a negative charge on the surface [38].
Consequently, when the solution pH exceeds the pHbpzc,
the negatively charged surface favors adsorption of
cationic dyes; when the pH is lower, the adsorbent surface
becomes positively charged, which subsequently adsorbs
the anionic dye [39]. This leads to a greater degree of
electrostatic interaction between the adsorbent surface
and ARS dye molecules. This correlation accounts for the
enhancement in adsorption capacity at low pH
(particularly at pH 2, where the surface becomes the most
protonated).

The sulfonate groups (—SO;-) in ARS are negatively
charged in aqueous solution, making it an anionic dye. In
general, anionic dye adsorption is greatly enhanced with
pH < pHpzc. Under these conditions, the surface is
positively charged and could favor the electrostatic
attraction of the ARS anionic dyes used in the present
work [40, 41]. Furthermore, ARS is an anionic dye having
sulfonic acid and phenolic groups that deprotonate in
aqueous solution when the pH shifts. At about 5.5 pKa, the
phenolic group in ARS dye dissociates, changing the
charge distribution. ARS is largely protonated or slightly
deprotonated at low pH (pH < 5.5) and completely
deprotonated and negatively charged at higher pH [42].

According to Figure 7, the removal of ARS decreases
from 71.54 mg g-*at pH = 2 to 66.91 mg g at pH = 3 for
Cs-Act SB and decreases from 66.02 mg g at pH = 4 to
64.77 mg g at pH = 12. Thus, as the pH of the solution
increases, the adsorption capacity decreases. Due to
electrostatic repulsion between negatively charged sites
on the adsorbent and anionic dyes, as well as the
sequential deprotonation of positively charged groups on
the adsorbent, a decrease in adsorption occurred as the
pH of the ARS dye increased. Additionally, the OH- and dye
anions competed for the positively charged adsorption
sites, which led to a decrease in the removal of ARS dye
under alkaline pH conditions [26]. Based on these
findings, pH 2 was identified as the optimum pH for ARS
dye adsorption onto adsorbents and was used in all
subsequent experiments.

724 Cs-Act SB Sample I 96
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Figure 7. Effect of pH on the adsorption capacity of ARS
dye onto Cs-Act SB (Conditions: 0.05 g adsorbent, 25 mL
of 150 mg L' ARS dye, stirring time of 60 minutes at
room temperature, stirring speed of 150 rpm)

3.5. Effect of Adsorbent Dosage on ARS Dye Adsorption

The adsorbent dosage has a significant impact on the
distribution and arrangement of adsorbate molecules on
the adsorbent surface. Different adsorbent dosages were
examined, ranging from 0.01 to 0.08 g at a pH of 2, while
keeping the initial concentration of dye constant at
150 mg L, stirring speed (150 rpm), and contact time
(60 minutes). The ARS adsorption was measured using a
UV-visible spectrophotometer.

According to Figure 8, the percentage of dye removal
increases with higher adsorbent dosage, reaching 99.9%
for Cs-Act SB at 0.02 g and 98.5% for Act-SB at 0.04 g in
a 150 mg Lt ARS dye solution. Furthermore, since the
majority of the accessible binding sites are already
occupied, the saturation of active sites on the adsorbent
surface limits further adsorption, resulting in a decline in
adsorption efficiency beyond the optimum adsorbent
dosage. Similar adsorption behaviour has been reported
for ARS dye adsorption, where the saturation of active
sites prevents additional increases from appreciably
improving removal efficiency [38]. Meanwhile, an inverse
relationship was observed between the adsorption
capacity and the dosage of the adsorbent. This finding was
possible due to the availability of a large number of dye
molecules, which is sufficient to saturate the adsorption
sites with minimum competition.
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Figure 8. Effect of adsorbent dosage on adsorption
capacity of ARS dye onto (a) Act-SB and (b) Cs-Act SB
(Conditions: pH 2.0, 25 mL of 150 mg L~ ARS dye,
stirring time of 60 minutes at room temperature,
stirring speed of 150 rpm)
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According to Figure 8, the amount of adsorbate
adsorbed gradually decreased from 0.04 to 0.1 g. This is
because more active sites were introduced into the
adsorption system while the adsorbate concentration
remained constant. In this instance, the splitting of the
available adsorbate concentration gradient reduces the
driving force on the active sites. Additionally, there is a
chance that particles will aggregate, which will eventually
decrease the surface area of the adsorbents at higher
dosages [43].

3.6. Adsorption Kinetics

The adsorption kinetics of ARS on Cs-Act SB were
examined in aqueous solution. The adsorption process
reached equilibrium values (corresponding to the
plateau, as shown in Figure 9(a) in 120 minutes. Under the
conditions of pH = 2, initial ARS dye concentration of 150
ppm, and adsorbent dosage of 0.02 mg, the adsorption
capacity (qe) of ARS on Cs-Act SB was 116.77 mg g

The experimental data were fitted to pseudo-first-
order and pseudo-second-order kinetic models, with the
resulting parameters shown in Table 3. Based on the data,
fitting the experimental data using the pseudo-first-
order model yielded low correlation coefficients, thus
demonstrating the inadequacy of this model in describing
ARS dye adsorption on Cs-Act SB and Act-SB as well.
Meanwhile, the pseudo-second-order model yielded a
very good fit, as evidenced by the high correlation
coefficient (R > 0.99).
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Moreover, the pseudo-second-order kinetic model 0 0 150 400
was considered, which shows a linear relationship t (min)
between the adsorption rate and reactant concentration,
including that of the adsorbent and adsorbate. The (©) 18- B CsAct-SB /gt
adsorption capacity (ge) calculated from the pseudo- 16 4 & ActSBegt
second order is very similar to the experimentally 1o ::::: ::::::z:’q‘
observed values (117.65 mg g~ for Cs-Act SB and 21.83 mg
g for Act-SB). The use of the pseudo-second-order 121
kinetic model meant that the chemical interactions of the IR U .
ARS dye molecule with the adsorbent surface involved g 5 R;“t:)j: e
electron transfers. To obtain the equilibrium
concentration, the first phase consisted of quick o T 00085+ 0.0067
chemisorption of the dye molecules on the adsorbent, 4 .
followed by the second slow phase of physisorption [44]. 2 '._../__././‘/“—.”/‘
Table 3. Parameters of the kinetics model for ARS dye 04
adsorption onto Cs-Act SB and Act-SB T T T T T T T T
0 50 100 150 200 250 300 350 400
Kinetics model Cs-Act SB Act-SB t (min)
Pseudo-first order Figure 9. (a) Effect of contact time on the adsorption of
geexp (mg gt) 116.77 22.03 alizarin red S dye on Cs-Act SB and Act-SB. The data
. were fit using kinetics models; (b) Pseudo-first order
ki (min™) 0.0067 0.0086 model; (c)gPseudo—second c’)f'd()er kinetic models
Qe cal (mg g™*) 4.658 7.549 (Conditions: pH 2.0, 25 mL of 150 mg L-* ARS dye,

R? 0.302 0.724, adsorbent dosage of 0.02 g, stirring speed of 150 rpm at

room temperature)
Pseudo-second order

One notable study by Rashda et al. [45] demonstrated
) that the adsorption of alizarin red S and 2,4-
k(g mg™ min~") 0.011 0.006 dichlorphenoxyacetic acid from wastewater onto

Qgeexp (mgg) 116.77 22.03

Qecal (mg g™) 117.65 21.83 chitosan and iron oxide-coated peanut husk-activated
R2 1 0.997 carbon (CS/Fe;0,-NPs@PHAC) followed the pseudo-
h (mg g~ min-Y) 149.25 2.67 second-order model. Moreover, a similar result reported

that the pseudo-second-order kinetic model was
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effectively adequate for describing the sorption of alizarin
red S dye on biochar-based adsorbents (Fe.O;@biochar
and Fe,Os;@biochar-kaolinite clay composite) [46].

Furthermore, Moheb et al. [47] focused on the
adsorption of alizarin red S and methylene blue onto a
highly porous activated carbon derived from a papaya
plant. The pseudo-second-order kinetic model was more
suitable for describing the dynamic behavior of
methylene blue and alizarin red S adsorption compared to
the  pseudo-first-order = model, indicating a
chemisorption process involving electron sharing or
transfer between the adsorbent and adsorbate.

3.7. Isotherm Adsorption

The adsorption isotherms of ARS dye were conducted
at various initial concentrations (10-160 mg L) to
analyze how the adsorption capacity is affected by the
initial concentration of the dye. The other adsorption
conditions were kept constant at an optimum pH of 2, an
adsorbent dosage of 0.02 g, 25 mL of ARS dye, and contact
times of 120 and 200 minutes for Cs-Act SB and Act-SB,
respectively. To comprehend the adsorption mechanism
of ARS dye on Cs-Act SB and Act-SB, the Langmuir and
the Freundlich isotherm models were then used to assess
the results.

The effect of the initial concentration of ARS dye on
the amount of ARS dye on Cs-Act SB and Act-SB is shown
in Figure 10 (a). It has been observed that the initial
concentration of metal ions affects the adsorption
capacity of adsorbed ARS dye on the adsorbents.
Generally, the amount of ARS dye adsorbed increases
from 40 to 160 ppm, indicating that the adsorbate has not
yet completely occupied all the accessible active sites on
the adsorbent surface. Then, further increasing the initial
concentration of ARS dye has no noticeable impact on the
adsorption capacity of either Cs-Act SB or Act-SB. This
result indicates that the equilibrium has been reached
between ARS dye and the adsorbents; thus, the ARS dye
can no longer occupy the active sites of the adsorbents.

The experimental data were analyzed using a fitting
procedure based on two linearized isotherm models,
namely the Langmuir and the Freundlich models. The
adsorption isotherms of ARS on Cs-Act SB and Act-SB are
shown in Figure 10. The determined values for the
isotherm parameters are given in Table 4. Based on the
correlation coefficient (R2) values, the experimental data
fit the Langmuir isotherm model better than the
Freundlich isotherm model. This implied that the
adsorption layer of the ARS dye onto the Cs-Act SB and
Act-SB surface occurred in a homogeneous monolayer.
The determined Langmuir maximum adsorption capacity
of Cs-Act SB and Act-SB for the ARS dye adsorption were
78.13 mg g' and 30.03 mg g, respectively. These results
indicate that Cs-Act SB exhibited a higher affinity toward
ARS dye due to the synergistic effect of chitosan
modification, which provides more active functional
sites.

Based on Table 4, the adsorption energies were 36.05
kJ mol-! for Cs-Act SB and 27.25 kJ mol-! for Act SB. The

energy of physical adsorption is generally below 4.18 KkJ
mol-?, whereas the energy of chemical adsorption is
typically above 20.92 kJ mol-! [48]. The results of this
study indicate that the adsorption of ARS dye on the Cs-
Act SB adsorbent was a chemisorption process rather than
physisorption.
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Figure 10. (a) Effect of concentration on the adsorption
of alizarin red S dye on Cs-Act SB and Act-SB.
Adsorption data were fitted using isotherm models:
(b) Langmuir; (c) Freundlich (Conditions: pH 2.0,
adsorbent dosage of 0.02 g, contact time of 120 and 200
minutes for Cs-Act SB and Act-SB, respectively, and a
stirring speed of 150 rpm at room temperature)
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Table 4. Langmuir isothermal adsorption parameters on Cs-Act SB and Act-SB

Langmuir isothermal adsorption parameters

Adsorbent Adsorption capacity (ge max) Equilibrium constants (KL)  Adsorption energy Plot linearity
(mgg™) (mol—L) (kJ mol-1) (R?)
Cs-Act SB 78.13 2.09 x 106 36.05 0.9182
Act-SB 30.03 5.99 x 104 27.25 0.9714
(a) = CsAct-SB After Adsorption CsAct-SB Before Adsorption Cs-Act SB Cs-Act SB
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Figure 11. FTIR spectra of the adsorbents before and after
adsorption (a) Cs-Act SB and (b) Act-SB

Moreover, to assess the performance, the maximum
adsorption capacity of Cs-Act SB was compared with that
of other adsorbents for ARS dye removal, as presented in
Table 5. Although some adsorbents, such as
NiFe,O,/polyaniline (PANI) magnetic composite and
Zr/diethylenetriamine functionalized wheat straw, show
higher adsorption capacities, the obtained value for Cs-
Act SB (78.13 mg g™) remains practically significant. Its
performance exceeds that of several other biomass-based
materials, such as immobilized Canna indica biomass
(21.69 mg g*) and banana fiber carbon (65.07 mg g™).

The potential scalability and cost-effectiveness of
Cs-Act SB were supported by its simple and mild
preparation. Moreover, sugarcane bagasse, a locally
accessible agricultural waste, provides an
environmentally friendly, affordable, and renewable
resource for wastewater treatment applications.

Figure 12. SEM images of Cs-Act SB (1000x) before
adsorption (A), after adsorption (B), and Act-SB (1000x)
before adsorption (C), after adsorption (D)

3.8. After Adsorption

The FTIR spectra of the CsAct-SB and Act-SB before
and after adsorption of ARS dye were compared in Figure
11. This reveals changes in its functional groups, including
peak shift, new peak appearances, and changes in peak
intensity, indicating interactions between ARS and the
adsorbent. From the spectra, the increment of the peak
situated at 1574 cm, which demonstrates the presence of
C=C in CsAct-SB, shifted toward 1583 cm. Before
adsorption, Cs-Act SB exhibits peaks at 3440 cm™ and
3401 cm* due to the stretching vibration of hydroxyl and
amino functional group (O—H stretching and N-H
stretching, overlapped). Meanwhile, the peak shifted
slightly to 3440 cm- and 3404 cm™ after adsorption.

Moreover, several new peaks appeared, indicating
the interaction between the ARS and the adsorbent. The
peak at 1441 cm™ is due to symmetrical C-H bending. In
addition, the absorption band at 1336 cm™! is due to the
aromatic stretching, and 1151 cm™ may be due to the
stretching of S=0 in SOs.

Furthermore, based on the morphology shown in
Figure 12, a noticeable difference is observed between the
samples before and after impregnation with activated
carbon and chitosan. Previously, the material exhibited
open pores and a rough surface. Meanwhile, the
adsorbent material became partially closed and denser
after being impregnated with chitosan.
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Table 5. The comparison of the maximum adsorption capacity (gmax) for ARS dye removal with other adsorbents

Adsorption capacity, gmax

Adsorbent (mg g ) Reference
Magnetic activated carbon (MAC) nanocomposite 108.69 [37]
NiFe,0,/polyaniline (PANI) magnetic composite 186 [49]
Immobilized biomass of Canna indica 21.69 [50]
Zirconium and diethylenetriamine functionalized wheat straw 164 [51]
Sono-synthesized LDHs/g-C;N, nanocomposite 48.08 [52]
The hollow tube-like banana fibre carbon (BFC) 65.07 [53]
Chitosan-impregnated sugarcane bagasse activated carbon 7813 This study

(Cs- Act SB)

4. Conclusion

A chitosan-impregnated activated carbon derived
from sugarcane bagasse (Cs-Act SB) was successfully
synthesized and thoroughly characterized. The prepared
material was used to remove the ARS dye using batch
experiments. The results indicated that the adsorption
capacity was dependent on the pH, adsorbent dosage,
contact time, and the concentration of ARS dye. The
kinetic and isotherm studies revealed that the adsorption
followed a pseudo-second-order and Langmuir model,
with a maximum capacity of 78.13 mg g, which is
comparable to that of many reported adsorbents.
Chitosan impregnation enhanced the adsorbent
performance by approximately 2.6 times compared to
unmodified activated carbon.
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