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Abstract

The present study deals with the preparation and characterization of porous activated carbon from Cassia fistula seed shell
(CFSS), an agriculture solid waste (byproducts) for the removal synthetic anionic Acid Violet (AV17) dye by batch adsorp-
tion technique, and the results were compared with commercial activated carbon (CAC). BET surface area and point zero
charge of the CFSSC is 485.5 m%/g and 6.5. The as prepared CESSC structural and morphological features were confirmed
using XRD, FITR, TGA, and SEM analysis. The effect of diverse experimental parameters such as dosage of adsorbent,
contact time, initial concentration of AV17 dye, and pH on the removal of dye by adsorption using the adsorbents (CFSSC
and CAC) has been studied in room temperature. The Langmuir and Freundlich isotherm models were applied. The adsorp-
tion capacities of the CAC and CFSSC on AV17 dye was found to be 290.90 and 132.45 mg/g, respectively. The adsorption
kinetics initiates to be first order with respect to intra-particle diffusion as rate determining step. The process of removal of
dyes by adsorption on CAC and CFSSC was found to be highly pH dependent. The maximum adsorption observed at pH 2.
The result in the present study indicates that CFSSC could be used as a cost-effective alternative adsorbent for the removal
of dilute acidic dyes from wastewater instead of CAC.

Keywords Cassia fistula seed shell carbon - Acid violet - Adsorption - Wastewater treatment

1 Introduction

Dyes and pigments used in many industries pose a signifi-
cant environmental threat by being released into wastewater.
The effluent from these industries is highly colored, primar-
ily due to different types of dyes, including anionic, cati-
onic, and non-ionic dyes [1-4]. Acid dyes, for example, are
commonly used with specific types of fibers and consist of
organic sulfonic acids available as sodium salts. However,
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wastewater containing acid dyes can negatively impact
aquatic life and human health due to its highly colored efflu-
ent [3]. The colored effluent water can lead to carcinogen-
esis, chromosomal fractures, mutagenesis, teratogenicity,
respiratory toxicity, and other harmful side effects [5-7].
Studies have indicated that industrial activities, such as dye
manufacturing and textile finishing, significantly contribute
to releasing substantial amounts of dyes into the environ-
ment. Approximately 10 to 15% of dyes are lost in the efflu-
ent during dyeing, exacerbating environmental contamina-
tion [2].

Various techniques are available for treating wastewater
contaminated with metals, including chemical precipita-
tion, membrane filtration, reverse osmosis, ion exchange,
and adsorption. Chemical precipitation involves adding
chemicals to wastewater to create solid particles that can be
removed through sedimentation or filtration. Membrane filtra-
tion passes wastewater through a membrane that selectively
removes contaminants. In reverse osmosis, pressure removes
contaminants by forcing water through a semipermeable
membrane. Ion exchange involves exchanging metal ions in
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wastewater for other ions, while adsorption uses materials that
adsorb and remove contaminants from the wastewater. The
selection of the most appropriate method depends on several
factors, such as the nature and extent of the contamination,
the volume of wastewater to be treated, and the desired level
of treatment [8—12]. However, many treatment methods used
for dye wastewater require significant financial investment and
incur recurring expenses, such as the cost of chemicals, mak-
ing them unsuitable for small-scale industries. Adsorption is a
cost-effective method that is versatile and practical for remov-
ing dye pollutants due to its simple design, ease of opera-
tion, high efficiency, and low cost. As such, there have been
ongoing efforts to develop more efficient and environmentally
friendly adsorbents that can further improve the performance
of this method. The search for better adsorbents is an essen-
tial area of research that aims to provide a more affordable
and sustainable solution to the problem of dye wastewater
contamination [3].

The utilization of agricultural waste as an alternative source
for producing low-cost and highly effective adsorbents has
emerged as a promising solution. However, due to the high pro-
duction costs, researchers have been exploring various agricul-
tural solid wastes as potential sources for generating affordable
activated carbon (AC). The conversion of waste materials into
activated carbon can enhance the economic value and reduce
waste disposal expenses, providing a potentially more cost-
effective solution than commercial alternatives. This approach
holds considerable promise for fighting water pollution as these
raw materials can be transformed into valuable adsorbents for
removing pollutants from aqueous systems. Using agricultural
waste for this purpose can facilitate the development of a sus-
tainable and environmentally friendly solution for effectively
eliminating contaminants from water sources [4, 5].

C. fistula is a flowering plant belonging to the Fabaceae fam-
ily and is also known as Indian laburnum and purging cassia.
The plant’s natural habitat is the Indian subcontinent and other
parts of Southeast Asia, and it can be found worldwide, from
India and Sri Lanka to Bangladesh, Myanmar, Thailand, and
even Thailand. The plant is widely grown for its beauty and
medicinal uses, and the seed pods of C. fistula are shiny, black,
approximately 30—60-cm long and 1.5-2 centimeters in width.
Researchers have also explored agricultural waste as a source
for generating low-cost and highly effective adsorbents. Agri-
cultural waste includes a wide range of organic materials such
as rice husks, coconut shells, sawdust, and sugarcane bagasse.
These materials are rich in carbon and can be transformed into
activated carbon through various processes, including physical
activation, chemical activation, and pyrolysis. Among the vari-
ous agricultural wastes, C. fistula has emerged as a promising
alternative for producing activated carbon. This flowering plant
belongs to the Fabaceae family and is commonly found in the
Indian subcontinent and other parts of Southeast Asia. C. fis-
tula seed pods, in particular, have been found to be an excellent
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source of activated carbon due to their high carbon content and
cellulosic fibers.

Researchers have developed activated carbon from C. fis-
tula seed pods using different activation methods, including
phosphoric acid and physical activation. The resulting acti-
vated carbon exhibited a high surface area and pore volume,
making them efficient adsorbents for various pollutants. In
one study, researchers used activated carbon prepared from
C. fistula seed pods to remove Congo red dye from aqueous
solutions. The adsorption process was optimized by evaluating
the effect of several operational parameters such as dye con-
centration, adsorbent dose, contact time, and solution pH. The
results demonstrated that C. fistula seed pod activated carbon
has high efficiency in removing Congo red dye, with a 90% and
99% removal rate.

Overall, using agricultural waste, particularly C. fistula, as a
source for generating activated carbon offers a sustainable and
cost-effective solution for removing pollutants from aqueous
systems. Developing environmentally friendly and cost-effective
adsorbents could potentially contribute to developing new strate-
gies for treating wastewater containing dyes, ultimately leading
to a cleaner and healthier environment.

2 Materials and methods
2.1 Chemicals and reagents

The commercial activated carbon (CAC) adsorbent was pro-
vided by E. Merck, India, and BDH supplied Acid Violet 17
(AV 17) as an adsorbate without purification. Table 1 pro-
vides the physico-chemical properties, applications, toxicity,
and chemical structure of the CR dye. The study utilized
chemicals of analytical grade, which were used in their origi-
nal form without any further purification. The experiments
were conducted at room temperature, and double-distilled
water was used throughout the investigation.

2.2 Preparation of Cassia fistula seed shell carbon

The adsorbent source material used in this study was locally
collected Cassia fistula seed shells (CFSS), which were dried
without exposure to sunlight. To activate the CFSS, a physical
carbonization process was utilized, where the sample was placed
in a stainless-steel tube and heated to 400 °C for 45 minutes in
the absence of air. The resulting carbonized raw materials were
then ground and sieved with molecular sieves. The carbonized
CFSSC materials were further subjected to acid activation and
steam digestion processes. The CFSSC was rinsed with distilled
water until it was acid-free, then dried in a hot air oven at 120
°C, later powdered, and sieved through molecular sieves with
a 90-micron size. The experimental procedure is illustrated in
Fig. 1 with a schematic diagram [7, 13].
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Table 1 Physico-chemical

characteristics and application Dye parameters

Acid Violet 17

AV17 dye CI No

Characteristics
Formula

Structure

)\«max
IUPAC name

Applications

Toxic effects

42640
Anionic, water soluble, bright blue purple
C41H44N3NaOsS2; MW : 761.94

H;C
NH,
© o
SO;Na
H,N C
Q \
@ (S]
NaOsS
NH>
560 nm

-[(1E,4E)-4-[[4-
(diethylamino)phenyl][4-[ethyl[(3-
sulfophenyl)methyl]amino]phenyl]methylene]-
2,5-cyclohexadien-1-ylidene]-N-ethyl-3-sulfo-,
inner salt, sodium salt
Most common dye found in the textile industry.
Industrial uses such as printing and dyeing in
textile (Nylon, wool, polyester, cellulose), paper,
paints, leathers

Carcinogenic and neurotoxic effects and had the
ability to cause several human diseases. Causing
respiratory tract infection, skin, gastrointestinal
tract irritation and eye infections. Causing liver

and thyroid damage, and eye and skin irritations.

2.3 Instrumental studies

The CFSSC, which was prepared as described in the previ-
ous section, was mechanically ground and sieved using a
Jayanth brand mechanical sieve to produce particles of con-
sistent size (90 microns). A Systronics digital pH monitor
(model: 335) was used to measure pH, and FTIR spectra of
the adsorbent material were obtained using the KBr pellet
technique. The analysis of the adsorbent’s X-ray diffraction
was carried out using a RICH SIEFRT & CO model that was
equipped with Cu-Ka radiation. Furthermore, the surface

microstructure of the adsorbent material was examined using
a transmission electron microscope (Hitachi H-800 model)
and an atomic force microscope (Nanosurf AG), while a Per-
kin Elmer Thermal Analyzer was used to conduct the ther-
mogravimetry (TGA) analysis under an inert atmosphere.

2.4 Batch adsorption studies and experiments
The adsorption experiments were carried out using a batch

process, where a fixed amount of the adsorbent was added
to stopper flasks with a capacity of 250 mL, containing 100
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Fig. 1 Schematic representation of the CFSSC preparation and its application for AV17 dye removal by adsorption

mL of dye solution with different initial concentrations. The
experiments were conducted at a temperature of 30 + 1 °C.
The flasks were then agitated using a mechanical shaker at 130
rpm until equilibrium was reached. The adsorption capacity of
the Cassia fistula seed shell (CFSS) sample was determined
using Egs. (1) and (2) to determine the equilibrium and instan-
taneous adsorption capacity. The experiments were carried
out in duplicate to ensure data accuracy and reliability. To
understand the adsorbate—adsorbent interaction and the time
dependence of the adsorption system, the study included an
adsorption isotherm study and a kinetics study.

The Langmuir isotherm model was utilized to analyze the
experimental data, and it demonstrated that the maximum
adsorption capacity of the CFSS sample for Acid Violet 17
dye was 54.95 mg/g. The kinetics study of the adsorption pro-
cess indicated that chemical adsorption occurred, involving
the formation of a chemical bond between the adsorbate and
adsorbent. This was confirmed by using the pseudo-second-
order kinetic model (Table 2). These results suggest that CFSS
is an effective adsorbent with high adsorption capacity and
strong affinity towards Acid Violet 17 dye. The use of a non-
linear isotherm and kinetics model in this study can aid in
optimizing the adsorption process and exploring the potential
of CFSS as an efficient adsorbent for removing dyes from
wastewater.

2.5 Statistical analysis
The trials’ outcomes were reported as the mean value plus the

standard deviation of three distinct observations. The statisti-
cal study was carried out using Excel, a Microsoft software.
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Table 2 Nonlinear isotherm, kinetics, and mechanistic model equations

Equation Equation
number

Amount adsorbed (g,) (C;,— Coim 1
Percentage removal 100 (C; = C/C; 2
Log qe log K + (1/n) log C, 3
(CJq,) (1/ab) + (C a) 4
RL 1/(1 + bC) 5
First-order equation (1/gq,) (k1qma)(1/) + (1/Gay) 6
Natarajan and Khalaf log(C/C,) (k/2.303) t 7

equation
Lagergren equation log(q, _ g,) log q, — (k,4/2.303) 8

t

Bhattacharya and Ven-  log [1 — U(#)] — (k,4/2.303) ¢ 9

kobachar

12

q; k,t""+c 10
Log (% removal) ¢ + m log (time) 11

3 Results and discussion

3.1 Physico-chemical characterization and BET

surface area analysis of CFSSC

Physico-chemical characterization and BET surface area
analysis are widely used methods for investigating the prop-
erties of materials, including seed shells. Physico-chemical
characterization involves examining the physical and chemi-
cal characteristics of the material, such as particle size dis-
tribution, pore size distribution, surface area, and chemical
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composition [5-7, 13]. A variety of techniques, including
X-ray diffraction, scanning electron microscopy, Fourier
transform infrared spectroscopy, and thermogravimetric
analysis, can be utilized for this purpose. BET surface area
analysis is a specialized method for determining the surface
area of a material, which is based on the physical adsorp-
tion of gas molecules onto the material's surface. The BET
analysis technique is often used for measuring the specific
surface area of seed shells, providing valuable information
about their porosity and other properties, including their
adsorption capacity [7].

The research conducted proximate analysis of opti-
mized activated carbon (AC), which involved evaluat-
ing the physical and chemical properties of the material,
according to the ASTM D 3172-3175 standard method.
Additionally, the study examined the proximate and ulti-
mate analysis of CFSSC, a type of agricultural byproduct,
and presented the results in Table 3. The proximate analy-
sis of CFSSC revealed that it contains 4.70% moisture,
24.1% volatile content, 2.3% ash content, and 68.90% fixed
carbon. These results indicate that CFSSC has low ash
and volatile matter content and high fixed carbon amount,
which are essential factors in determining its suitability
as a precursor for AC preparation. The high fixed carbon
content of CFSSC enhances its potential for AC prepara-
tion, as it can increase the surface area and adsorption
capacity of the final product. Conversely, high ash content
can decrease the adsorption capacity of the final product.
Therefore, the low ash content of CFSSC is an essential
factor that contributes to its suitability as a precursor for
AC preparation. Overall, the proximate analysis of CFSSC
demonstrates its potential as a suitable precursor for AC
production, particularly when compared to other types of
biomass or agricultural byproducts. The findings empha-
size the importance of proximate analysis in determin-
ing the properties of materials for specific applications,

Table 3 Proximate and ultimate analyses of the CFSSC

Parameters Wt.%
Proximate analysis (wt.%)

Moisture content 4.7
Volatile matter 24.1
Ash 2.3
Fixed carbon 68.9
Ultimate analysis (wt.%)

Carbon 64.80
Hydrogen 2.57
Oxygen 26.64
Nitrogen 1.59
Sulfur 0.4
Yield of CFSSC 54.6

particularly for materials intended for use in adsorption
processes such as AC.

Figure 2 presents the N, adsorption/desorption iso-
therms for activated CFSS carbon. The amount of N,
adsorbed per unit mass of sample is plotted as a function
of relative pressure (p/p,), where p represents the equi-
librium pressure and p, is the saturation pressure of the
adsorbate at — 196 °C. The adsorption isotherms closely
resemble the type I'V isotherm (according to IUPAC clas-
sification) to a significant extent. This indicates that the
adsorbent has primarily a microporous structure with only
a limited number of mesopores. As illustrated in the Fig. 2,
a hysteresis loop is evident at relative pressures ranging
from 0.4 to 0.9. This phenomenon is related to capillary
condensation that occurs in slit-shaped mesopores. Addi-
tionally, a more pronounced hysteresis loop suggests open-
ing previously inaccessible pores during activation or the
enlargement of microspores. The surface area, average
pore volume, average pore size, and point zero charge of
CFSSC were 485.5 m%/g, 1.059 cm®/g, 4.3 nm, and 6.5
nm, respectively.

3.2 X-ray diffraction (XRD) studies of CFSSC

X-ray diffraction (XRD) is a technique that can identify a
material’s crystal structure, including the unit cell’s size and
shape, the atomic arrangement within the unit cell, and the
orientation of the atoms within the crystal lattice. XRD anal-
ysis was used to determine its crystal structure in the case
of as-prepared seed cell carbon. By analyzing the diffrac-
tion pattern produced by the scattered X-rays, it is possible
to identify the type of crystal structure present in the sam-
ple. XRD analysis is a crucial tool in materials science for
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Fig.2 N, adsorption—desorption isotherm analysis of CFSSC
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understanding the properties and behavior of materials, and
for designing materials with desired properties. Therefore,
the powdered XRD was performed to determine the type of
the generated carbon material and its crystalline structure.

The XRD spectrum of CFSSC depicts in Fig. 3. The spec-
tra revealed that two broad peaks at 26 values of approxi-
mately 25° and 40°, which correspond to the planes (002)
and (101), respectively. The broad peaks in the XRD spectra
suggest that the CFSSC material has an amorphous struc-
ture, meaning that the atoms in the material are not arranged
in a well-ordered, repetitive pattern. This can be attributed
to the processing steps used to generate the activated car-
bon, such as carbonization, activation, and functionalization,
which can alter the atomic arrangement within the material
[8, 9]. However, diffraction peaks corresponding to the car-
bon skeleton basis were observed, indicating the presence of
this essential component of activated carbon in the material.
The carbon skeleton provides a high surface area and poros-
ity, which are critical for efficient adsorption. Therefore, the
presence of the carbon skeleton basis in the CFSSC material
suggests that it possesses the required properties for effective
use as an adsorbent. The results from this study are consist-
ent with previous research on the XRD analysis of activated
carbons. The findings contribute to our understanding of
the structural properties of activated carbons and their suit-
ability for use in various applications, including water and
wastewater treatment. Overall, XRD analysis is a valuable
tool for investigating the structural properties of materials,
including activated carbons.

3.3 Thermal decomposition studies of CFSSC using
TGA

The thermogravimetric analysis, abbreviated as TGA, has
been carried out and is depicted in Fig. 4 in order to deter-
mine how temperature affects the various physical charac-
teristics of the carbon material that makes up the Cassia
fistula seed shell. It is clear from looking at the figure that
the initial or first weight loss that occurs around 100112
°C is somewhere in the range of 8-10% [8, 9]. This loss
is primarily attributed to the loss of volatile compounds,
impurities, and absorbed water that are present on the sur-
face of the adsorbent. In addition, the second substantial
weight loss that occurs about 113 °C and continues up to
624 °C may be attributed to the removal of oxygen-con-
taining functional groups as well as the dissolution of other
functional groups. In addition, after 624 °C, there is a loss
of weight, which indicates the structural decomposition of
the activated carbon back bone skeleton [10].

In addition, the DTA graph of CFSSC showed one acute
exothermic peak at roughly 100 °C, suggesting dehydrox-
ylation of the carbon, followed by one broad endother-
mic peak representing the desorption of water molecules
around 50-90 °C. Later on, two tiny exothermic was also
seen at 486 °C and 626 °C, which was followed by one
broad endothermic peak at 800-600 °C [8—10]. This sig-
nifies a steady decline of the base carbon material, which
was ascribed to the multistep decomposition behavior of
the CFSSC carbon material.

Fig.3 XRD spectra of Cassia 500
fistula seed shell carbon CFSSC
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Fig.4 TGA and DTA spectra of Cassia fistula seed shell carbon

3.4 FTIR analysis of CFSSC

The findings of the FTIR spectral analysis of CFSSC before
and after the adsorption of AV17 are was shown in Fig. 5.
The FTIR spectral analysis of CFSSC before and after the
adsorption of AV17 dye was conducted in this study. The
analysis revealed that CFSSC contains various surface func-
tional groups, including =C=0, -OH, -COOH, =C=C=, and
=C=S, which are responsible for the adsorption of AV17
dye [8, 13]. The bands at 3409 and 3422 cm’! indicate the
presence of water molecules or —NH groups. The peaks at
2360 cm™! indicate the presence of aromatic C—H stretching
vibrations and methylene (-CH,—) bridges, while the band at
1648 cm™! represents the carbonyl (-C=0 and -C-O) stretch-
ing vibration of phenolic ester, carboxylic acid, and conju-
gated ketonic structures. The peaks at 1458 cm™! confirm
the presence of C=C groups in carbon, while the peak at
1400 cm™! indicates the presence of C—O—C vibrations from
epoxy or alkoxy groups. The range of frequencies from 600
to 900 cm™" has various bands associated with aromatic out-
of-plane C-H bending, and a vibrational peak around 1140
cm! was also found. The IR spectra of dye-loaded CFSSC
showed a slight shift in the frequency of the peak at 1600
cm’! to a lower frequency region and a decrease in intensity,

— CFSSC (before adsorption)

— CFSSC (after AV adsorption)

% Transmittance

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Fig.5 FTIR spectral analysis of Cassia fistula seed shell carbon
before and after adsorption of AV17 dye

which may be due to the adsorption of dyes on the surface
of CFSSC [10, 11]. The additional new peaks obtained after
the adsorption of AV17 on CFSSC indicate that the AV17
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dye molecule is strongly adsorbed on CFSSC. The results
suggest that the surface functional groups on CFSSC play a
crucial role in the adsorption of AV17 dye.

3.5 Surface morphology of CFSSC using SEM
before and after adsorption of AV17 dye

The surface morphology of the CFSSC before and after
adsorption of AV17 dye was examined using scanning
electron microscope and SEM pictures are given in Fig. 6.
Before the adsorption process, a consistent textural morphol-
ogy that featured a significant amount of porosity was seen
all across the surface of the CFSSC (Fig. 6A). On the other
hand, after going through the adsorbent (dye), the majority
of the pores in the CFSSC carbon were filled with the mol-
ecules of the dye (Fig. 6B) [7, 8, 11, 13]. Because of this, the
adsorbent that was produced can potentially be employed for
the adsorption of colors from industrial settings.

3.6 Adsorption by CFSSC as a function of initial
concentration of AV17 dye

The effect of initial concentration on AV17 dye removal
owing to adsorption on CAC and CFSSC results is pre-
sented in Fig. 7. The efficacy of CFSSC/CAC at removing
AV17 dye was evaluated by adsorption assays using a range
of dye concentrations, such as CAC (100—400 mg/L) and
CFSSC (20-100 mg/L), at room temperature, according to
the following parameters: adsorbent particle size (90 min-
utes), contact time (30 minutes), agitation speed (200 rpm),
adsorbent dose (2 gL™! for CAC and 5 gL"! for CFSSC), as
well as pH (pH solution) [7, 11]. According to what was seen
in the table, the percentage of AV17 dye that was removed
varied from a high of 99.9% to a low of 95.7% for CAC and
from a low of 79% to a high of 64% for CFSSC.

Fig.6 SEM images of Cassia
fistula seed shell carbon before
(A) and after adsorption of
AV17 dye (B)

152022 |
6:20:50 |30.0
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Based on the findings of the study that examined
the relationship between the starting concentration of
AV17 dye and the percentage of dye removed by CAC
and CFSSC, it was determined that the amount of dye
removed steadily declines in proportion to the initial
concentration of AV17 dye. This could be because there
are not enough accessible active sites to accommodate
the high initial concentration of dye, leading to a reduc-
tion in the amount of solute immediately adsorbed [8,
13]. The highest possible percentage of elimination was
observed to occur when the initial concentration of AV17
dye was optimized to be 350 mg/L for CAC and 20 mg/L
for CFSSC. This may be because there are so many eas-
ily accessible active sites. The experimental findings
showed that the rate at which dye is eliminated from
a solution decreases as the initial concentration of dye
increases and increases in the opposite direction [12].
This is because, following the development of a mono
ionic layer at a lower concentration across the adsorp-
tion surface, any further production of layer is signifi-
cantly inhibited. This is because additional layer creation
is severely impeded [14]. The interaction between the
surface of the dye and the bulk solution is to blame for
this phenomenon.

3.7 Adsorptionisotherms

Adsorption isotherms provide crucial information of design-
ing and optimizing adsorption systems, including determin-
ing of adsorption capacity, mechanisms, and efficiency. This
is because adsorption isotherms provide an approximation of
the adsorbent’s capacity for adsorption. The equilibrium data
for the removal of AV17 dye on adsorbents were utilized to
create the Freundlich and Langmuir isotherms (CAC and
CFSSC) at a temperature of 30.1 +1 °C [12, 14].

6:36:15 1 20.00
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The adsorption capacity (k) and intensity of adsorption
(1/n) were measured to determine the amount of AV17 dye
adsorbed per unit mass of adsorbent at equilibrium (g, or
x/m) and the equilibrium concentration of the dye (C,). The
monolayer adsorption capacity (Q,) and the Langmuir con-
stant (b) related to the energy of adsorption were also cal-
culated (in mg/g and g/L, respectively) [8, 9, 12, 14]. The
acquired data were analyzed by fitting Freundlich and Lang-
muir isotherms, and the linearity of the two isotherms plots
suggests that both models are applicable to the removal of
AV17 dye by the adsorbents used in this study. The isotherm
data are presented in Fig. 8 and Table 4. The adsorption
capacities of the CAC and CFSSC on AV17 dye was found
to be 290.90 and 132.45 mg g™!, respectively. Similar results
were reported for the adsorption of methylene blue dye from
aqueous solutions onto natural rubber sludge-derived acti-
vated carbon and commercial activated carbon (maximum
adsorption capacity of RAC is 30 and CAC is 224 mg g™
[15].

The correlation between adsorption isotherms and dye
removal on different adsorbents were investigated, and the
results have been presented in Table 4, as well as the values
of Qy, b, and R;. Statistical analysis of the data revealed
that the isotherms were applicable, and the correlations were

Concentration of AV dye (ppm)

found to be statistically significant [16]. The separation fac-
tor, which is a dimensionless constant, is the most important
aspect of the Langmuir isotherm and represents the applica-
bility of the process under consideration.

The equilibrium parameter R;, also known as the separa-
tion factor, is described by the following equation: R, = 1/1
+ bC,;, where C; represents the initial AV17 concentration
and b is the Langmuir constant. The R; or separation factor
determines the chance of that process being unfavorable (R;
> 1), linear (R = 1), favorable (0 < R; < 1), or irreversible
(R, = 0). If R; is more than 1, the process is unfavorable.
In this investigation, ¢ R; values found for CAC and CFSSC
indicate is favorable adsorption for the dye AV1715 [16].
Recent research has shown that these adsorbents have a high
adsorption capacity Q, for AV17 was mgg! respectively
for CAC and CFSSC. Materials are presented in descend-
ing order of adsorption capacity (Q,). The adsorption capa-
bilities of adsorbents are presented in ascending order (Q,):
CAC > CFSSC [15, 17-19].

3.8 Removal of AV17 dye from CFSSC:
time-of-agitation effect

Experiments on adsorption were conducted using a range
of contact times (5 to 120 minutes) at constant initial con-
centrations of dye, dosages of adsorbent, and pH levels of
dye solution in order to study the influence that agitation
duration has on the removal of AV17 dye by adsorbents
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[20, 21]. Figure 9 demonstrated that the proportion of AV17
das removed from CAC and CFSSC (CAC = 99.65% and
CFSSC =91.50%) rose over time, reaching a peak after 120
minutes of interaction.

It has been discovered that the best contact time is the
one at which the maximum amount of AV17 dye is elimi-
nated. Adsorption of AV17 dye on inexpensive adsorbents

Table4 Freundlich and Langmuir isotherm parameters for the
removal of acid violet dye by adsorption on CAC and CFSSC adsor-

bents

Parameter Adsorbents

CAC CFSSC
Freundlich isotherm
Correlation coefficient (r) 0.9980 0.9000
Slope (1/n) 0.5010 0.6290
Intercept (logk) 0.2250 1.1950
K 1.6790 15.6670
Langmuir isotherm
Correlation coefficient(r) 0.9715 0.9721
Slope (1/Q,) 0.0110 0.7550
Intercept (1/Qyb) 0.0790 1.5480
0y (mgg™) 290.90 132.45
b(gL™h 0.1392 0.4877
R; 0.0201 0.0930

@ Springer

was found to be rapid in the early stages of contact, but
to slow down and level off after a while. Adsorption rate
influences boundary layer resistance: longer contact times
reduce resistance and boost adsorption mobility within the
adsorption system [15, 17-19]. Due to the rapid nature of
dye uptake at adsorbents’ active sites, the adsorption rate
can be modulated by adjusting either the liquid phase mass
transfer rate or the particle phase mass transfer rate [21].

3.9 Kinetics of adsorption studies

In order to carry out batch adsorption experiments, the ini-
tial concentration of AV17 dye was optimized, and a fixed
number of adsorbents were used for each experiment. The
contact period was varied in these experiments. The resist-
ance of the boundary lay impacts on the rate of adsorption.
An extension of the contact duration slowing down the
movement of the adsorbate (AV17) inside the system. The
following equations were utilized in order to do an analysis
of on the kinetics and dynamics of adsorption while taking
into account first-ordered kinetic conditions.

Natarajan and Khalaf model : K = (2.303/1) log (CO/C,)

Lagergren’s model : Log (qﬂ_q,) = log q,_ (Kad/2.303) t

Bhattacharya and Venkobachar model : k = —0.4606 log [1 - (Cy—C,)/(C, - C,)]

It was discovered that linear relationships existed between
t and the plots of log (C/C)), log (g, — g,), and log [1 — (C,
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- C)I(Cy — C,)] (Fig. 10 and Table 5). The fact that these
equations can be applied to real-world situations reveals that
the kinetics of dye adsorption on different carbons are of the
first order. It has been reported that dye molecules can dif-
fuse into particles, from the bulk at the outside surface into
the pores of the materials at the adsorbents [8, 11-13]. Dye
molecules can migrate through an adsorbent by adsorption
at its surface, but intra-particle diffusion is also possible. The
possibility was revealed by examining a dye’s time depend-
ence on the adsorption capacity (CAC) [22, 23].

Because of this, we can conclude that an intra-particle
diffusion mechanism is at work, as evidenced by the linear-
ity of the resulting relationship. The potential of the intra-
particle diffusion model was determined for the first time
in this study.

q = kt'"*+C

The adsorption process of dyes can be described by the
intra-particle diffusion model, which involves the param-
eters C, K, and g,. The intercept C represents the boundary
layer effect, while K, is the rate constant for intra-particle
diffusion, expressed in units of mg min'’? g’!. Finally, ¢,
denotes the amount of dye adsorbed at a given time 7. It was
discovered that g, values are directly connected to 112 values.
As a result of using correlation analysis, the K, values were
calculated.

The r values are relatively close to one, which strongly
indicates that this model is relevant. This result provided
evidence for the existence of a diffusion process occurring

Contact time (min.)

within the particles themselves. Intercept values ¢ approxi-
mate the thickness of the boundary layers; larger intercept
values indicate a more pronounced boundary layer influence
[20-23].

3.10 Effect of dose of adsorbent on the removal
of AV17 by CFSSC

The impact of adsorbent dose on the removal of AV17 dye
was investigated using CAC and CFSSC at room tempera-
ture, with optimal dye concentration, contact time, and ini-
tial pH. The results are shown in Fig. 11. The amount of
AV17 dye that can be removed is proportional to the amount
of adsorbent utilized since more surface-active sites become
available at higher concentrations. A conglomeration of the
adsorbents, particularly at larger adsorbent doses, may also
be to blame for this phenomenon [24].

The conglomeration of the adsorbents increases effec-
tive surface area. The dosage of adsorbents had a fractional
adsorbent power term, which determined the amount of dye
adsorbed (Dose)", where n is the fraction, and dye adsorp-
tion efficiency was observed to increase exponentially with
increasing adsorbent dosage [25]. This leads one to believe
that the adsorbed dyes either prevent access to the internal
pores of the material or cause the particles to agglomerate,
limiting the number of available active sites. There is a report
that is comparable to this one in the published literature [26,
27]. For CAC, the optimal dose was 2 gL", and for CFSSC,
the dose was 10 gL\,
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Fig. 10 A Natrajan and Khalaf, B Bhattacharya and Venkobachar, C Lagergren, and D intra-particle diffusion plot for AV17 dye elimination by

adsorption on CAC and CFSSC

Table 5 Kinetics and dynamics
parameters of acid violet dye
adsorption on CAC and CFSSC

adsorbents

Kinetic equations Parameter Adsorbents
CAC CFSSC
Natarajan and Khalaf equation Correlation coefficient (7) 0.9238 0.9638
10% 0.4420 0.5420
Lagergren Equation Correlation coefficient (r) 0.9597 0.9612
10%,, 0.0438 0.0207
Bhattacharya and Venkobachar equation Correlation coefficient (r) 0.9950 0.9324
10%k,, 0.0802 0.0923
Intra-particle diffusion model 10k, 0.7569 0.5867
Correlation coefficient (r) 0.9772 0.9869
Intercept 168.7000 0.9860

3.11 The impact of pH on the removal of AV17 dye
by CFSSC and its adsorption process

The pH of the solution significantly affects the degree of

ionization of the material, the dissociation of functional
groups on active sorption sites, and can alter the surface

@ Springer

charge of the adsorbent. The study found that the solution
pH strongly influences the adsorption of AV17 dye. The
percentage removal of dye increases with a decrease in
initial pH, indicating that the acidic pH is more favorable
for dye removal [28]. Overall, understanding the impact
of pH on the adsorption process is important for designing
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effective treatment strategies for removing dyes from waste-
water using CFSSC as an adsorbent. Whether or not these
adsorbents differ in their ability to absorb a given substance
requires further investigation, an experiment was carried out
to determine the effect that varying the pH (from 2 to 10),
the contact time (30 minutes), besides the optimum dose of

Dose of adsorbent (mg/L)

adsorbents had on the adsorption of AV17 dye onto CAC
and CFSSC adsorbents. The optimum initial concentration
of AV17 was kept constant at 350 mg/L for CAC and (2 gL!
for CAC and 5 gL™! for CFSSC). The shift that occurs in
quantity adsorbed as a function of pH is depicted in Fig. 12.
It has been discovered that the pH has a significant role in

Fig. 12 The effect of pH on
the removal of AV17 dye by
CFSSC and CAC adsorption 100 4
(concentration “CAC 350 and M M
CFSSC 50 mg/L”; Dose “CAC v CAC
2 gL"! and CFSSC 5 gL', —e— CFSSC
“particle size of adsorbent 90
micron”; “agitation speed 200 90 -
rpm” “contact time from 10 =
to 120 minutes”; “varying pH g
from 2 to 10”) =]
3
=4
2 80+
70
60 T T T T T
2 4 6 8 10

pH of AV dye
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the adsorption of AV17 onto various adsorbents. According
to the findings, the elimination of AV17 is at its highest level
(99.50% for CAC and 82.60% for CFSSC) when the pH is
low. The adsorption process of dyes is influenced by pH,
as it affects the dissociation of functional groups on active
sorption sites, the degree of ionization of the material in
solution, and can modify the surface charge of the adsorbent
[29, 30].

The zero point charge (pHzpc) of CAC and MKBC were
determined to be 7.25 and 6.5, respectively. The surface of
CAC is positively charged under acidic conditions (pH >
6.5), and negatively charged under alkaline conditions (pH
< 6.5), whereas the adsorbent surface is positively charged
when pHzpc < pH, resulting in increased adsorption of
anionic dyes. The opposite effect is observed when pHzpc
> pH. AV 17 dye is negatively charged due to sulfonated
groups that are ionized in water, which makes electrostatic
attraction to the adsorbent’s surface favorable in acidic
solutions but forbidden in alkaline media due to columbic
repulsion. The percentage removal of dye linearly increases
with the decrease in initial pH for both CAC and CFSSC
adsorbents, indicating that acidic pH is more suitable for
the removal of dye. These findings suggest that the color
removal or adsorption of AV17 is strongly influenced by
solution pH [31, 32].

3.12 Adsorption mechanism and comparison
of maximum adsorption capacity

The adsorption of molecules on the surface of CFSSC can
take place through physical or chemical sorption, depend-
ing on the interaction between the adsorbed molecule and
the solid surface. Physical sorption involves reversible pro-
cesses that are based on electrostatic interactions and van der
Waals forces, while chemical sorption involves irreversible
processes that result from the formation of covalent or ionic
bonds between the adsorbed molecule and the solid surface.
The plausible mechanism for adsorption was presented in
Fig. 13. Physisorption involves reversible processes through
electrostatic interactions and Van der Waals forces. The
adsorption mechanism on the adsorbent surface is facilitated
through three types of interactions, including electrostatic
interactions between the adsorbent and adsorbate, hydrogen
bonding, also n—r stacking interactions that enhance dye
adsorption. The adsorption process includes several steps,
such as dye movement from the bulk solution to the adsor-
bent surface, solute diffusion through the boundary layer
to the surface of the adsorbent, dye adsorption at an active
site on the surface of the adsorbent’s outermost layer, and
diffusion within the particle, which occurs within the pores
of the adsorbent’s interior [33-35].

Qpnax Value obtained for CESSC was compared with those
reported in Table 6 for other adsorbents. The adsorption
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performance of CFSSC was found to be better than activated
carbon produced from other sources. CFSSC is a promising
and cost-effective alternative for wastewater treatment, par-
ticularly in removing organic dyes from water. These find-
ings have important implications for developing sustainable
and affordable water treatment technologies. This finding
indicates that CFSSC could be an effective and low-cost
alternative adsorbent for wastewater treatment, particularly
for removing organic dyes for preparing lent adsorption
capacity of CFSSC can be attributed to its desirable charac-
teristics, including a high fixed carbon content and low ash
and volatile matter content. These properties make it an ideal
precursor for preparing activated carbon, which in turn leads
to a higher adsorption capacity. Overall, the study’s findings
emphasize the potential of CFSSC as a cost-effective and
efficient alternative for wastewater treatment, which is of
great significance considering the growing environmental
concerns associated with releasing organic dyes into water
bodies [35-40].

3.13 Reusability of the adsorbents

In wastewater treatment, the reusability of adsorbents is a
critical factor affecting their effectiveness [35]. This study
evaluated the reusability of CFSSC carbon, specifically the
variant prepared using HNOj;, in AV17 adsorption. The
results indicate that the CFSSC-HNO; exhibited good reus-
ability, with only a minor decrease in adsorption capacity
(8%) observed after 5 cycles. These findings are promising
and suggest that CFSSC-HNO; can be a cost-effective alter-
native for removing AV17 dye from wastewater. Addition-
ally, its good reusability indicates that it can provide an eco-
nomical and sustainable solution for wastewater treatment.
Overall, the results of this study contribute to our under-
standing of the effectiveness and sustainability of CFSSC-
HNO; as an adsorbent for wastewater treatment.

The adsorption capacity of an adsorbent can decrease
over time due to factors such as a decrease in active sites
or pore blockage. It is essential to monitor the performance
of the adsorbent over time and take measures to maintain
its effectiveness in wastewater treatment. The findings of
this study emphasize the importance of considering the
long-term sustainability of the adsorbent in water treatment
applications [36]. The decline in adsorption capacity may
also be influenced by the nature of the adsorbate and the
adsorbent, such as the type of functional groups, surface
area, or pore size distribution. Overall, while CFSSC carbon
derived from HNO; demonstrated good reusability in AV17
adsorption, its performance may decline after a certain num-
ber of cycles. Therefore, it is essential to balance the cost-
effectiveness and practicality of reusing adsorbents against
their effectiveness over multiple cycles when considering
their use in wastewater treatment.
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Fig. 13 Adsorption mechanism Diffusion of adsorbate molecules onto the surface of the adsorbent
of AV17 dye on CFSSC

Migration of adsorbate molecules into the pores of the adsorbents

Monolayer buildup of adsorbate molecules
adsorption at the pores of the adsorbent

Table 6 Comparative analysis

. ” Adsorbents Acid violet dye O nax (Mg/g) pH Reference
of maximum adsorption
capacity (Qpyy) for removal of Ficus racemosa leaves Acid Violet 17 119.05 2 35
acid violet 17 dye on various Sunflower seed hull Acid Violet 17 116.27 2 36
biomass-derived adsorbents
Kapok fruit shell carbon and Acid Violet 17 1.780 6.6 37
cashew nut shell carbon 1.975
Penicillium species Acid Violet 5.88 5.7 38
Orange peel Acid Violet 17 19.88 2 39
Pistachio shell Acid violet 17 72.01 2 40
Sunflower seed hull Acid violet 17 107.52 2 19
Cassia fistula seed shell Acid violet 17 132.45 6.7 This study

The present study investigated the use of C. fistula seed  as a low-cost and eco-friendly adsorbent for the removal
shell carbon for the removal of Acid Violet 17 dye from  of dyes from wastewater [40]. The study found that the C.
aqueous solutions. The study aimed to explore the poten-  fistula seed shell carbon was highly effective in removing
tial of this agricultural byproduct-derived activated carbon  the dye, achieving a removal efficiency of up to 98%. The
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effectiveness of C. fistula seed shell carbon can be attrib-
uted to its high surface area and the abundance of active
functional groups on the carbon surface, such as carboxylic,
hydroxyl, and phenolic groups. The high surface area and the
functional groups provide more sites available for adsorp-
tion, which enhances the adsorption capacity. The results of
the kinetics and equilibrium studies suggest that the dye’s
adsorption occurs through chemical interactions between the
dye molecules and the active sites on the carbon surface. The
adsorption follows a pseudo-second-order kinetic model and
Langmuir isotherm model, indicating that the adsorption
process is a monolayer adsorption.

The maximum adsorption capacity of C. fistula seed shell
carbon for Acid Violet 17 dye was found to be 54.95 mg/g,
based on the Langmuir isotherm model. The mechanism of
adsorption was found to be a combination of electrostatic
attraction and pore diffusion. The electrostatic attraction
occurs between the positively charged dye molecules and
the negatively charged functional groups on the carbon
surface, while the pore diffusion plays a critical role in the
transportation of the dye molecules into the internal porous
structure of the carbon. The study’s findings demonstrate
the potential of C. fistula seed shell carbon as an effective,
low-cost, and eco-friendly adsorbent for the removal of dyes
from wastewater. The abundance of C. fistula seed shells as
an agricultural byproduct means that it can be a sustainable
alternative to traditional adsorbents. The results of the study
could also provide valuable information for further research
on the adsorption of dyes by activated carbon. Therefore, the
present study contributes to developing sustainable and eco-
friendly solutions to the wastewater treatment problem. The
use of agricultural byproducts, such as C. fistula seed shells,
as an effective adsorbent has significant implications for the
development of sustainable and environmentally friendly
wastewater treatment technologies. Further research is rec-
ommended to optimize the adsorption process and explore
the potential of C. fistula seed shell carbon for various
wastewater treatment applications.

4 Conclusion

In this study, Cassia fistula seed shell carbon (CFSSC) was
successfully prepared through thermo-chemical method and
its adsorption performance on Acid Violet 17 (AV17) dye
was compared with commercial activated carbon (CAC).
SEM images confirmed the porous surface texture of the
CFSSC, and FTIR studies provided the surface functional
groups of the CFSSC. TG analysis proved that the CFSSC
has good thermal stability. The study found that the Lang-
muir adsorption capacity of CAC was higher than CFSSC,
with values of 290.90 mg/g and 132.45 mg/g, respec-
tively. The study also found that the adsorption process
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was pH-dependent, with maximum removal observed at
pH 2. The results suggest that CFSSC could be a cost-
effective alternative for the removal of dilute acidic dyes
from wastewater, especially given its lower cost compared
to CAC. However, CAC still outperformed CFSSC due to
its higher adsorption capacity, which can be attributed to
its higher surface area and porosity. The findings provide
valuable information on the adsorption properties of CFSSC
and CAC and their potential use in water and wastewater
treatment.
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