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Developing sustainable and economically viable removal approaches is crucial, due to the rampant use of synthetic dyes, such as crystal
violet, in effluent poses significant environmental and health hazards. To remove crystal violet from aqueous medium, this work
emphasizes the application of three inexpensive biosorbents, namely tea waste (TW), rice husk (RH) and sugarcane bagasse (SCB). The
functional and structural properties of the biosorbents were determined using FTIR, FE-SEM, pHpzc analysis, XRD and BET surface
area measurements. To optimize the experimental parameters, batch adsorption experiments were performed at an initial concentration of
40 ppm of dye, a biosorbent dosage of 1 g/L, a solution pH of 9 and a temperature of 30 °C, which resulted in maximum adsorption
efficiency. Analysis of the isotherm data showed that crystal violet adsorption predominantly followed the Langmuir model. The biosorbents
SCB, RH and TW exhibited the maximum adsorption capacities (qm) of 61.35, 58.82 and 53.19 mg/g, respectively. Kinetic results
indicated a strong correlation with the pseudo-second-order model, implying that chemical interactions played a significant role in the
adsorption process. The research illustrates that TW, RH and SCB are simple, affordable, readily available and efficient options for use
as biosorbents in wastewater treatment.
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INTRODUCTION

Water is a cornerstone of human civilization, supporting
agriculture, transportation, sanitation and industry. However,
water pollution has become a critical global issue due to
industrialization, urbanization and agricultural activities [1].
As the global population grows, access to safe water conti-
nues to diminish, with nearly 1.8 billion people projected to
face absolute water scarcity by 2025 [2]. Addressing this cha-
llenge requires the efficient treatment of industrial waste-
water to remove contaminants before environmental release.

Dye pollution is a primary concern, with industries such
as textiles, dyeing, cosmetics, food and leather releasing large
quantities of wastewater containing toxic dyes [3]. An annual
discharge of nearly 700,000 tons of synthetic dyes occurs
worldwide [4]. Industrial dyes are typically categorized by
charge into three main types: cationic or basic dyes, anionic
dyes like direct, acid and reactive types and non-ionic disperse
dyes. Cationic dyes pose the greatest environmental risk due
to their high toxicity [5]. Among these, crystal violet, a tri-

phenylmethane cationic dye, is extensively used in pharma-
ceuticals, textiles and printing industries [6]. When released
into water, crystal violet reduces sunlight penetration, disrupts
photosynthesis [7] and poses significant health risks to aquatic
organisms and humans including respiratory issues, skin irrit-
ation and potential mutagenicity [6]. This underscores the
urgent need to remove crystal violet dye from wastewater prior
to its release into the environment.

Various methods, including reverse osmosis, chemical
oxidation, nanofiltration, photocatalysis and biological degra-
dation, have been investigated to eliminate dyes from aqueous
media, ensuring reduced contamination [5]. Among them,
biological treatment processes are inefficient due to the non-
biodegradability of dyes [8]. The chemical dye removal pro-
cess often has a high cost or technical challenges and is rarely
used in actual applications [8]. Adsorption, by contrast, stands
out as an economically viable, efficient and environmentally
friendly method for dye removal [5]. Transforming agricul-
tural byproducts into adsorbents further reduces preparation
costs and offers a sustainable alternative to waste disposal
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methods like burning [9]. Sugarcane bagasse (SCB), a bypro-
duct of the sugarcane industry, is produced in significant quan-
tities, with global production estimated at 700 million tons
annually [10]. SCB primarily contains cellulose (34-46%),
hemicellulose (22-32%), lignin (17-30%) and ash (1-8%) [11].
Its low cost, abundance and porous nature make it an excel-
ent adsorbent [12]. Similarly, rice husk (RH), a byproduct of
rice milling, is produced worldwide, with global rice produc-
tion exceeding 190 million tons as of 2016 [13]. RH is a
lignocellulosic material consisting of 32% cellulose, 21% of
both hemicelluloses and lignin, 20% ash, which is rich in
silica (SiO2, 85-95%) and 3% crude proteins, making it ideal
for adsorption, biochar production and silica-based composites
[13]. Tea waste (TW) is another agricultural byproduct with
an annual global production of 5.8 million metric tons in 2018
[14]. Its typical composition includes 20-30% cellulose, 5-15%
hemicellulose, 15-30% lignin, 15-20% proteins and 5-10%
polyphenols, enhancing its adsorption capabilities [14]. Utili-
zing SCB, RH and TW as biosorbents offers a sustainable and
cost-effective approach to environmental remediation.

So, this study aims to remove crystal violet dye from
textile wastewater and compare the adsorption capacities of
SCB, RH and TW as low-cost biosorbents. The biosorbents
were characterized using XRD, FTIR, SEM, pHpzc and N
adsorption-desorption isotherm analysis. Batch adsorption
experiments were performed to evaluate the impact of biosor-
bent dosage, initial dye concentration, temperature and dye
solution pH. Furthermore, the study examined the inter-
actions between crystal violet dye and the biosorbents by
assessing the adsorption isotherm, kinetics and thermodin-
amic parameters.

EXPERIMENTAL

Preparation of biosorbents: The biosorbents tea waste
(TW), rice husk (RH) and sugarcane bagasse (SCB) were
sourced from a local market in Tangail, Bangladesh. At first,
they were rinsed under running tap water, followed by deion-
ized water, to eliminate sugar residues, clay and dirt particles.
For the preparation of tea waste powder, it was further boiled
with deionized water for 1 h to remove any residual colour,
pigments and tannins. These materials were dried at 85 °C,
ground by a grinding machine and passed through a 75-micron
sieve. The final biosorbents were kept in a desiccator for sub-
sequent application.

Characterization: The prepared biosorbents underwent
detailed characterization through several advanced charact-
erization methods like X-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy and field-emission
scanning electron microscopy (FE-SEM), point of zero
charge (pHpzc) and BET N adsorption-desorption analysis.
Detailed methodologies for these characterizations are
provided in our recently published article [11].

Preparation of crystal violet dye solution: Crystal violet
dye was sourced from SRL (India) and utilized without
further purification. By dissolving 0.05 g of crystal violet in
500 mL of deionized water, a stock dye solution with a
concentration of 100 ppm was prepared. The appropriate
dilutions of the stock solution were prepared as needed just

before the adsorption experiments were performed. The pH
of the dye solution was adjusted using 0.1 M NaOH or HCI
to prepare the desired experimental conditions.

Adsorption experiments: Optimization experiments for
crystal violet removal were done using varying biosorbent
dosages, contact periods, dye solution pH, temperature and
initial concentrations. In each experiment, 15 mL dye solu-
tion was mixed with the biosorbent in a vial, stirred at 300
rpm and analyzed via UV-visible spectroscopy. Each experi-
ment was conducted in triplicate and the results are presented
as the mean = standard deviation. The adsorption efficiency
(%) was calculated using egn. 1:

Adsorption efficiency (%) = COC_ €. 100 1)

where C, and C. (mg/L) denote the initial concentration and
residual concentration at time t of crystal violet, respectively.
Besides, the adsorption capacity at the specific time (q;) and
equilibrium (ge) were determined using egns. 2 and 3, respec-
tively:

Vv
q,=(C, ~Cox— @

9 =(C,~C)x @3)

where C; (mg/L) denotes the residual concentration at time t
of crystal violet; V (L) denotes the dye solution’s volume;
and m (g) represents the adsorbent's quantity used.

RESULTS AND DISCUSSION

Characterization of the biosorbents

XRD analysis: The XRD profiles of the synthesized
biosorbents are presented in Fig. 1. The lack of sharp diffrac-
tion peaks across all samples highlights their predominantly
amorphous nature, attributed to the high content of lignin, hemi-
cellulose and ash [15]. This amorphous structure enhances
the suitability for biosorption by allowing rapid penetration
of dye molecules onto the surface [16]. In Fig. 1a, sugarcane
bagasse (SCB) displays characteristic XRD peaks at 15.5°,
21.8° and 34.8°, corresponding to the lattice planes of type I
cellulose [11]. Similarly, the XRD pattern of rice husk (RH)
in Fig. 1b shows typical crystallization peaks at 15.6°, 22° and
34.8°, reflecting type | cellulose [17]. More-over, the peak at
20.9° is associated with silica (SiO.) [18], a significant compo-
nent of RH. In Fig. 1c, tea waste (TW) exhibits a broad peak
centered at 20.9°, indicating an essentially amorphous structure
[19]. Amorphous lignin and hemicellulose are responsible for
this behaviour, as they interfere with the crystalline nature of
cellulose.

Segal’s method was employed to determine the crystall-
inity index (Crl) of the biosorbents [20,21]:

Crl (9) = Jo ~lan 19 5)

I002
where lgo2 is the maximum intensity of the crystalline peak
corresponding to the (200) plane and lam is the minimum
intensity of the amorphous region. The crystallite size of the
biosorbents was estimated through the Scherrer formula [22]:



Vol. 37, No. 11 (2025)

Adsorption of Crystal Violet onto Agricultural Waste-Derived Biosorbents 2783

Intensity (a.u.)
G5
. X
T

20 (°)
Fig. 1. XRD patterns of the prepared biosorbents: (a) sugarcane bagasse,
(b) rice husk and (c) tea waste
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where D represents the crystallite size (nm), A is the wave-
length of X-ray (0.154 nm), k is the Scherrer constant (0.90),
B is the FWHM (full width at half maximum) of the peak in
radians and 6 is the corresponding Bragg angle (°).

Table-1 summarizes the structural and crystallographic
parameters of the biosorbents. The crystallinity index indi-
cates the degree of order, with RH being the most crystalline
due to silica, SCB semi-crystalline and TW predominantly
amorphous. Crystallite size follows a similar trend, with SCB
and RH larger than TW, reflecting the more disordered nature
of TW.

FE-SEM analysis: Fig. 2a-b depicts the surface of sugar-
cane bagasse (SCB) with distinct longitudinal grooves and
ridges, indicative of cellulose microfibrils [32]. The relatively
smooth surface suggests minimal surface modifications [24].
Fig. 2c-d highlights the micrographs of rice husk (RH), reve-
aling a rigid structure with sharp edges and silica-rich deposits,
confirming its composition of cellulose and silica [20]. The
presence of irregular particle fragments on the surface enhan-
ces its roughness, which is advantageous for adsorption [25].
In tea waste (TW), the surface has a rough, porous and uneven
structure with visible cavities (Fig. 2e-f). This irregular surface,
mainly due to components like cellulose and hemicellulose,
helps improve its adsorption properties [26].

FT-IR analysis: Fig. 3 shows the FT-IR spectra of SCB,
RH and TW, indicating that the functional groups are actively
involved in the adsorption. The broad absorption around 3400
cm in all samples is associated with the hydroxyl (O-H)
stretching mode, suggesting the presence of cellulose, hemi-

TABLE-1
CRYSTALLOGRAPHIC PARAMETERS OF BIOSORBENTS DERIVED FROM XRD ANALYSIS

Biosorbent 20 (9 Crystallinity index, Crl (%)  Crystallite size, D (nm) Amorphous/Crystalline nature
SCB 155, 21.8,34.8 55.43 20.88 Semi-crystalline
RH 15.6, 20.9, 22, 34.8 56.25 18.40 Crystalline with silica
TW 20.9 37.31 13.2 Predominantly amorphous
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Fig. 2. FE-SEM images of the prepared biosorbents: (a,b) sugarcane bagasse, (c,d) rice husk and (e,f) tea waste




2784 Ropak et al. Asian J. Chem.
< ) TABLE-2
T = CIHJ c.I:ol 9' BET PARAMETERS OF THE PREPARED BIOSORBENTS
Py e (a) SCB == g 7 Biosorbent BET surface  Pore volume Pore
area (m?/g) (cclg) diameter (A)

Rice husk 8.03 0.0108 53.85
Sugarcane bagasse 87.86 0.1113 50.69
Tea waste 9.31 0.0157 67.59

Transmittance (%)

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

FT-IR analysis of the prepared biosorbents: (a) sugarcane bagasse
(SCB), (b) rice husk (TH) and (c) tea waste (TW)

Fig. 3.

cellulose and lignin. Peaks near 2900 cm™ are attributed to
the aliphatic C—H stretching [25,26], whereas the weaker band
observed at 1735 cm™ is attributed to the C=0 stretching vib-
rations of carboxyl and ester groups present in hemicelluloses
[11]. The peaks within 1650-1600 cm™ are attributed to the
aromatic C=C or carboxyl groups [27]. The bands at 1091
cmtand 1041 cm™ are linked to C-O stretching or C-O-C
stretching of cellulose, hemicellulose and lignin [28]. A peak
at 469 cm, corresponding to Si~O-Si bending, is particularly
prominent in RH due to its high silica content [25,29]. For TW,
the presence of aromatic and phenolic groups is confirmed by
peaks in the 1600-1500 cm~* region, contributing to its adsor-
ption properties [30,31].

BET-based surface area and porosity analysis: The
characterization of surface area and pore size using BET
analysis provides insights into the textural properties of SCB,
RH and TW, as depicted in Fig. 4. All the biosorbents show type
IV isotherms with hysteresis loops of H3-type, indicative of
mesoporous structures according to IUPAC classification [32].
The IUPAC further categorizes pores by diameter into micro-
pores (< 20 A), mesopores (20-500 A) and macropores (> 500
A) [33,34]. According to the pore size distribution derived
from the BJH method, most biosorbent pores fall within the
mesoporous range. However, TW exhibits a broader pore size
distribution with contributions from macropores, which imp-
rove the accessibility but lower the adsorption density. Table-2
summarizes the textural properties, where SCB stands out
with the highest BET surface area (87.86 m?/g), pore volume
(0.1113 cc/g) and an average pore diameter of 50.69 A, high-
lighting its potential as the most efficient adsorbent among
the samples. Tea waste (TW) shows slightly better textural prop-
erties than RH, featuring a surface area (BET) of 9.31 m?/g,
a total pore volume amounting to 0.0157 cc/g and an average
pore diameter expanded to 67.59 A. Overall, SCB outperforms
RH and TW due to its superior surface area and well-deve-
loped mesoporosity [35].

Optimization of adsorption parameters

Contact time: In adsorption studies, contact time is an
essential parameter, as it determines the equilibrium period and

adsorption efficiency of the biosorbent [36]. The adsorption
behaviour of crystal violet over varying contact times, up to
60 min, is shown in Fig. 5. A rapid enhancement in removal
efficiency and adsorption capacity was observed for all the
three biosorbents at the beginning of the contact time (5-20
min). SCB exhibited the highest removal efficiency, reaching
93.9 + 0.5% at 60 min, while RH and TW reached 92.9
0.7% and 90.5 + 0.8%, respectively. The adsorption capacity
followed a similar trend, with SCB achieving 37.6 + 0.4
mg/g, RH 37.1 £ 0.7 mg/g and TW 36.7 £ 0.6 mg/g at 60 min.
The slight increase in removal efficiency and adsorption capa-
city beyond 40 min indicates nearing saturation, suggesting
equilibrium is reached around 30-40 min. This is because,
initially, the availability of several vacant binding sites pro-
motes the rapid crystal violet uptake, but as these sites become
saturated, the adsorption rate decreases [36,37]. The higher
adsorption performance of SCB can be ascribed to its greater
surface area and active sites compared to RH and TW, which
facilitates enhanced dye uptake.

Biosorbent dosage: Optimizing biosorbent dosage is an
essential aspect of making the overall adsorption process more
economical [37]. Increasing the biosorbent dosage from 0.5
to 2 g/L resulted in enhanced crystal violet removal effici-
ency across all biosorbents, with SCB reaching 97.4 £ 1.2%,
RH 97.9 + 1.3% and TW 96.1 £ 1.1% (Fig. 6). However, the
rate of improvement diminished beyond a certain point, indi-
cating that further increases in dosage resulted in minimal gains
in dye removal. Therefore, an optimum dosage of 1 g/L was
chosen for subsequent adsorption studies for all biosorbents.
Conversely, the adsorption capacity (mg/g) decreased with
increasing dosage from 0.5 to 2 g/L; SCB decreased from
722+09t019.5+1.4mg/g, RH from71.2+0.8t018.3+ 1.5
mg/g and TW from 68.2 £ 0.8 to 16.1 + 1.4 mg/g. Mondal et
al. [38] also reported a similar observation regarding remo-
ving Congo red by banana peel dust. This trend suggests that
higher biosorbent dosages increase the availability of active
sites and enhance removal efficiency. However, they also cause
particle aggregation, reducing the effective surface area per
unit mass and subsequently lowering adsorption capacity [37].

Initial concentration of dye solution: Another para-
meter impacting adsorption efficiency is the concentration of
the dye solution [37]. The adsorption behaviour of SCB, RH
and TW varies with the initial concentration of CV, as shown
in Fig. 7. A slight decrease in removal efficiency was observed
for all biosorbents, with an increase in dye concentration from
20 to 50 mg/L: SCB dropped from 96.1 + 1.2% to 90.9 + 1.2%,
RH from 96.9 + 1.1% to 88.9 + 0.7% and TW from 96.0 +
0.8% to 85.2 + 1.0%. At higher concentrations, the active sites
become saturated, leading to the observed decrease. On the
other hand, the capacity of adsorption (mg/g) increased with
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Fig. 4. Nitrogen adsorption-desorption isotherms and pore size distributions of the prepared biosorbents: (a,b) sugarcane bagasse, (c,d) rice

husk and (e,f) tea waste

higher initial dye concentrations, with SCB rising from 19.2
+0.91t045.8 + 1.2 mg/g, RH from 18.8 + 0.5t044.2 + 1.1
mg/g and TW from 19.4 £ 0.9 to 43.4 + 1.1 mg/g. This is due
to the higher concentration gradient, which provides a strong
thermodynamic driving force that enhances mass transfer and
overcomes resistance, facilitating the uptake of crystal violet

molecules. As a result, the higher probability of collisions
between crystal violet molecules and the adsorbent binding
sites leads to increased adsorption capacity [36].

pH of dye solution: Removal efficiency significantly
increased for all biosorbents with an increase in pH from 3 to
9. This trend specifies that the adsorption is more effective in
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alkaline conditions (Fig. 8). The pHpzc for SCB, RH and TW
was observed at pH 5.1, 4.6 and 3.7, respectively. The biosor-
bents are expected to have a net positive charge below these
values and a net negative charge above them [39]. The rise in
pH improved crystal violet adsorption by increasing the bio-
sorbent’s surface negativity, thereby strengthening electro-
static interactions with the cationic dye molecules. Previous
studies also demonstrate that crystal violet (CV) adsorption
on biosorbents improves with higher pH levels [40,41]. At
lower pH levels, the biosorbent surface becomes positively
charged, leading to competition between excess H* ions and
CV* dye cations for active sites, thereby reducing crystal violet
uptake [42]. Therefore, the optimal pH for the experiments
was identified as 9.

Temperature of dye solution: The removal efficiency
of all the three biosorbents decreased with increasing temp-
erature (303-333 K), implying that crystal violet adsorption
is more efficient at lower temperatures (Fig. 9). This trend
suggests an exothermic nature of adsorption, where increasing
temperature diminishes the binding affinity between crystal
violet and the biosorbents, likely by disrupting the physical
bonds formed at the adsorbent surface. Consequently, 303 K was
chosen as an optimal temperature for further experiments [39].
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Fig. 9. Effect of temperature on crystal violet adsorption under conditions:

t=60 min,w=1g/L, C,=40 ppmand pH =9

Adsorption isotherms: Adsorption isotherms are crucial
for examining the interactions between the adsorbent and dye
molecules, along with insights into the process's feasibility,
nature and adsorption characteristics [23]. The equilibrium
data obtained in this study were fitted to Langmuir, Freundlich,
Temkin and Dubinin—Radushkevich isotherm models.

According to the Langmuir model, monolayer adsorption
occurs on a homogeneous adsorbent surface. Each adsorption
site can be occupied by only one dye molecule, disallowing
any further adsorption at that location [43]. The Langmuir
isotherm in its linear form is expressed as follows [9]:

c, C 1
—t=—ty
KLqm

= (7)
qe qm

in which ge indicates the equilibrium adsorption capacity, Ce
the equilibrium dye concentration, gm the maximum capacity
of the adsorbent and K is the Langmuir adsorption constant.
A plot of Ce/qe against Ce is used to obtain the values of gm
and K, which results in a linear graph characterized by a
slope of 1/gm and an intercept of /K. gm [11].

The term Ry is called the separation factor, indicates ads-
orption favourability onto the biosorbents and is calculated
using the following equation [44]:

R~ ®
+K,.C,

The characteristics of the adsorption process are revealed
through the interpretation of R, values, as shown below [45]:

The Freundlich isotherm model, expressed as an empi-
rical model, describes adsorption involving multiple layers
on surfaces that are not uniform [46]. According to the model,
an increase in adsorbate concentration leads to a corresponding
increase in the amount adsorbed on the adsorbent surface.
Adsorption initially occurs at sites with higher binding energy,
then extends to lower-energy sites, leading to an exponential
decrease in adsorption strength until equilibrium is achieved
[43]. The linear form of the Freundlich isotherm equation can
be expressed as follows:

Ing, =In KF+%(In C.) 9)
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where 1/n represents the intensity of adsorption and K is the
Freundlich constant. These parameters are derived from the
slope and intercept of a In ge vs. In C. plot. The value of 1/n
determines the nature of adsorption: favourable (0 < 1/n < 1)
or unfavourable (1/n > 1) [46].

The Temkin isotherm considers the interactions between
the adsorbate and adsorbent, assuming that the heat of adsor-
ption decreases linearly as surface coverage increases. Unlike
the Langmuir and Freundlich models, which focus on homog-
eneous and heterogeneous surfaces, respectively, the Temkin
model suggests that the adsorption energy distribution decre-
ases uniformly as the adsorbate molecules occupy the surface
[47]. The linear equation of the Temkin model is:

qe:R—JIn KT+R—JInCe (10)

where Kr represents the equilibrium binding constant and b
indicates the adsorption heat. These constants are determined
by plotting ge against In C.. The value of b lower than 8 kJ/mol
indicates a physisorption process involving weaker forces like
van der Waals interactions and hydrogen bonding. In contrast,
when the b value exceeds 8 kJ/mol, it indicates chemisorption,
where stronger chemical interactions, such as covalent or ionic
bonds, are formed between the adsorbate and adsorbent [47].

The Dubinin—Radushkevich (D-R) model is commonly
used to distinguish between physical and chemical adsorption
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by evaluating the associated energy. Unlike the Langmuir
isotherm, it does not predict a homogeneous surface or a cons-
tant adsorption potential [23,28]. The linearized form of the
D-R model can be expressed as [11]:

Ing, =Ing,, —Be> (11)
where, qm denotes the theoretical saturation capacity, B denotes

the constant related to the adsorption energy and &2 denotes
the Polanyi potential, determined by as [49]:

- RTIn[1+ i] (12)
C.
where R is the universal gas constant (kJ/mol K), T is the
temperature (K) and Ce is the equilibrium concentration of
the adsorbate in solution (mg/L). The D-R model helps to
estimate the mean free energy of adsorption (E), which is

calculated as [47]:
1 12
“[3) -

The value of E is typically employed to identify whether
the adsorption process is physical or chemical in nature [50].
Fig. 10 presents the linear plots corresponding to the
applied isotherm models. The parameters obtained from each
isotherm model and their respective correlation coefficients
(R? values), are summarized in Table-3. Maximum adsorp-
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Fig. 10. Adsorption isotherm models for crystal violet adsorption: (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin isotherm and

(d) Doubinin-Radushkevich isotherm
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TABLE-3
ISOTHERM PARAMETERS FOR CRYSTAL VIOLET ADSORPTION ONTO THE BIOSORBENTS
Value
Model Parameter
RH TW
gm(Mg/g) 61.35 58.82 53.19
Kc (L/mg) 0.30 0.60
Langmuir R 0.041 0.077 0.040
R? 0.9961 0.99 0.9907
RMSE 0.848 7.727 1.596
Kr (mg/g) 1314.01 1146.57 1111.48
Ereundlich 1/n 0.474 0.446 0.385
R? 0.9686 0.9871 0.9937
RMSE 1951.16 1773.05 1706.16
b (J/mol) 75.602 82.032 96.793
. Kt (L/mg) 1.037 1.037 1.037
Temkin R? 0.9886 0.9826 0.984
RMSE 15.59 13.68 13.19
gm (Mg/g) 43.545 40.674 38.509
B (mol?/3?) 2.00E-07 2.00E-07 2.00E-07
Dubinin-Radushkevich E (kJ/mol) 1.581 1.581 1.581
R? 0.9478 0.8926 0.8707
RMSE 11.52 12.08 12.23

tion capacities (gm) estimated using the Langmuir model were
61.35 mg/g, 58.82 mg/g and 53.19 mg/g for SCB, RH and
TW, respectively. Values of R (0 < R, < 1) reflect the fav-
ourable adsorption of crystal violet onto the biosorbents.
Similarly, the Freundlich model confirms the favourability of
the process with 0 < 1/n < 1, suggesting efficient adsorption.
The heat of adsorption constants (b) calculated from the Temkin
model indicate that the adsorption mechanism is primarily
physical. The mean free energy (E) calculated from the D-R
model further supports this conclusion.

The high R? values observed across all four isotherm
models indicate the presence of effective monolayer adsorp-
tion on homogeneous surfaces, as supported by the Langmuir
model and significant multilayer adsorption on heterogeneous
surfaces, as described by the Freundlich model. Also, the good
fit of the Temkin model indicates strong interactions between
the adsorbent and adsorbate, while the D—R model suggests
that physical adsorption also plays a role. These adsorption
mechanisms were further confirmed through error analysis,
including the root mean square error (RMSE), as per egn. 14:

1on
RMSE = \/H zizl(qe,exp _qe,calc)2 (14)

Among all models, the Langmuir model displayed the
lowest error values, reinforcing its superior agreement with
experimental data and confirming that monolayer adsorption
on the homogeneous surfaces of the biosorbents is the main
mechanism [11].

Kinetics of adsorption: Adsorption kinetics plays a
vital role in designing an effective adsorption system, as it
provides insight into the underlying mechanisms and path-
ways involved in the process [46]. To assess the adsorption
rate constants and control mechanisms of crystal violet dye
on low-cost biosorbents, four kinetic models were analyzed:
pseudo-first-order (PFO), pseudo-second-order (PSO), Elovich
and intraparticle diffusion (IPD).

According to the PFO model, the rate of adsorption depends
on the gap between the equilibrium adsorption capacity and
the amount adsorbed at any moment. This model can be repr-
esented in its linear form as [9]:

k.t
lo -q,)=logg,——= 15
g(9. —a,)=log g, 2303 (15)
where ge is the adsorbed amount of crystal violet at equili-
brium, g is the adsorbed amount of crystal violet at time t and
ki is the rate constant.

According to the PSO model, the adsorption process is
controlled by chemisorption, where electrons are shared or
exchanged between the adsorbate and adsorbent [23]. This
model can be expressed linearly as [43]:

1 1 t

- = 5 + —

qt kzqe qe
where ko is the rate constant of pseudo-second order adsorp-
tion.

The Elovich model is commonly applied to the chemisor-
ption-based adsorption processes in which the rate of adsorp-
tion drops exponentially as adsorption sites are progressively
occupied. It is beneficial for heterogeneous surfaces where

the energy of adsorption varies across the adsorbent. The model
can be formulated in linear terms as [43]:

(16)

d, :%Int+%ln(aﬁ) a7

where o is the adsorption rate at t = 0 (mg/g min) and j is the
desorption constant (g/mg).

The linear plots of applied kinetic models are shown in
Fig. 11 and the kinetic parameters of each model are pres-
ented in Table-4. Based on the highest R? values and lowest
RMSE, the adsorption of crystal violet onto the biosorbents
aligns most closely with the pseudo-second-order model. This
indicates the adsorption process is primarily governed by
chemisorption, driven by electrostatic interactions between
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Fig. 11. Adsorption kinetic models for crystal violet adsorption: (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich and (d)

intraparticle-diffusion

TABLE-4
PARAMETERS DESCRIBING THE ADSORPTION KINETICS OF CRYSTAL VIOLET ON THE BIOSORBENTS
Model Parameter Value
SCB RH TW
Experimental data e, exp (MY/Q) 72.21 70.21 68.91
ki (min™t) 0.0055 0.0037 0.0051
. e, catc (Mg/Q) 2.27 2.50 3.11
Pseudo-first-order R? 0.945 0.891 0.932
RMSE 69.937 67.941 66.642
k2 (g/(mg min)) 0.0269 0.0395 0.0234
e, catc (MQ/Q) 70.92 68.49 67.11
Pseudo-second-order R? 0.999 0.999 0.999
RMSE 1.287 0.709 2.008
a (mg/(g min)) 1.04E+21 6.97E+26 3.07E+14
Elovich B (mg/g) 0.7409 0.9643 0.5536
R? 0.922 0.906 0.9874
kia (mg/(g-min®®)) 0.6137 0.4683 0.8015
Intra-particle diffusion C 65.952 64.876 60.689
R? 0.956 0.927 0.976

the biosorbents and dye molecules [51]. The high R? values
observed for the Elovich model further support this conclusion.

The kinetic data were further examined using the IPD
model. This model helps pinpoint the rate-determining stage
of adsorption, precisely when the adsorbate diffuses into the

adsorbent pores. It helps to determine whether external mass
transfer, surface adsorption or intra-pore diffusion predomi-
nantly governs the adsorption mechanism. This model can be
represented in its linear equation as [51]:

q, =kt +C (18)
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with kig denoting the intraparticle diffusion rate constant, t*2
represents half-reaction time and C is the boundary layer
thickness.

When a linear plot of g; against t¥2 passes through the
origin, IPD is considered the sole rate-controlling step [11,47].
However, as illustrated in Fig. 11d, the regression line does
not intersect the origin. So, IPD is not the only rate-limiting
mechanism and the boundary layer diffusion also influences
the adsorption process [32].

Thermodynamic studies: Thermodynamic analysis of
adsorption experiments is crucial to determine spontaneity
and feasibility [52]. Therefore, the adsorption data are used to
measure enthalpy change (AH®), entropy change (AS®), Gibbs
free energy change (AG®) and activation energy (Ea).

The change in enthalpy (AH®) provides valuable inform-
ation regarding the adsorption process and the van’t Hoff
equation is usually used to determine it [52].

AH° 1 AS°

InKy=—=+—

RT R

where Kq = g¢/Ce is the distribution coefficient; ge is the adsor-
ption capacity at equilibrium; and C. is the dye concentration
at equilibrium. A negative AH® indicates that the biosorption
process is exothermic and prefers the lower temperatures [27].
Similarly, a positive AH® signifies an endothermic process
requiring energy input. Moreover, the magnitude of AH°
provides insights into the nature of the adsorption process.
The range of AH® values for physical adsorption is between
2.1 and 20.9 kJ/mol, whereas for chemical adsorption, it lies
between 80 and 200 kJ/mol [53]. Change in entropy (AS°)
can also be determined from the vant’ Hoff equation, where

(19)

a positive AS° provides evidence about the affinity between
the adsorbent and adsorbate. It also indicates increased rand-
omness at the interface with structural modifications during
adsorption [52].

The spontaneity and feasibility of the adsorption process
are assessed through the change in Gibbs free energy (AG°).
A negative AG® signifies a spontaneous process, while a
positive AG® denotes non-spontaneity [52]. The AG® is usually
linked to the equilibrium constant via the fundamental Gibbs
equation [32].

AG°=—RTInK, = AH*-TAS® (20)

The activation energy (E,) represents the minimum energy
required to initiate a chemical reaction. The values of E, sug-
gest the type of adsorption to be either physical (Ea < 40 kJ/
mol) or chemical (Ea > 40 kJ/mol) [54]. It can be determined
using the following linearized Arrhenius equation [54]:

K, =-E2xlima @1)
R*T

Where kis the PSO rate constant, A is the Arrhenius constant
and R is the universal gas constant (8.314 J/mol K).

Fig. 12 illustrates the thermodynamic plots for adsorp-
tion and the derived parameters are tabulated in Table-5. The
adsorption process is confirmed to be exothermic based on
the negative AH® values obtained. Moreover, the values of
AH° lie between 2.1 and 20.9 kJ/mol, suggesting that the
adsorption primarily involves physisorption. The findings are
consistent with the results derived from isotherm models. The
negative AS° values suggest a less random configuration of
dye molecules on the biosorbent surface, indicating a predo-
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Fig. 12. Thermodynamic analysis of crystal violet adsorption: (a) plot of In kq vs. 1/T, (b) plot of In k2 vs. 1/T

TABLE-5
THERMODYNAMIC PARAMETERS FOR CRYSTAL VIOLET ADSORPTION AT VARYING TEMPERATURES
. AG® (kd/mol)
B bent AHP (kd/mol AS° (kJ/mol/K Ea (kJ/mol

iosorben (kJ/mal) S° (kd/mol/K) a (kJ/mol) 8K SBK 3K 3K
SCB -41.15 -0.11 -41.12 -6.82 -5.69 -4.56 -3.43
RH -42.27 -0.12 -40.95 -6.33 -5.15 -3.96 -2.78
TW -32.10 -0.09 -40.79 -5.59 -4.72 -3.85 -2.97
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TABLE-6
MAXIMUM ADSORPTION CAPACITY (gm) OF VARIOUS LOW-COST AND GREEN BIOSORBENTS
Adsorbent Dye gm (Ma/g) pH Temperature (°C) Ref.
Sagaun sawdust Crystal violet 4.26 7.5 30 [56]
Neem sawdust Crystal violet 4.44 7.2 30 [57]
Coniferous pinus bark powder Crystal violet 32.78 8 30 [58]
Jackfruit leaf powder Crystal violet 43.40 7 30 [59]
Terminalia arjuna sawdust waste Crystal violet 45.99 7 30 [36]
Orange peel Methylene blue 5.87 - - [60]
Banana peel Methylene blue 18.647 8 30 [61]
Rice bran Methylene blue 20.29 6 20 [62]
Wheat bran Methylene blue 54.79 6 20 [62]
Sugarcane bagasse Crystal violet 61.35 9 30 Present work
Rice husk Crystal violet 58.82 9 30 Present work
Tea waste Crystal violet 53.19 9 30 Present work
minantly physical adsorption mechanism [53]. The negative ACKNOWLEDGEMENTS

AG° values demonstrate that the adsorption of crystal violet
onto biosorbents occurs spontaneously, without requiring the
external energy. However, as temperature increases, the decre-
asing values of AG® imply that biosorption becomes less fav-
ourable at higher temperatures [55]. The values of activation
energy (Ea) were found to be less than 40 kJ/mol for all bio-
sorbents, indicating that the adsorption followed the physi-
sorption mechanism.

Comparative studies: The adsorption capacity of various
types of biosorbents varies depending on their primary source,
adsorption conditions and the type of contaminant being
removed. Widespread research has been conducted to identify
the low-cost adsorbents with high adsorption efficiency. So,
the present study compares the adsorption capacities of sugar-
cane bagasse, rice husk and tea waste with those of other low-
cost and green adsorbents, as summarized in Table-6. The
results indicate that SCB, RH and TW demonstrate superior
adsorption capacities compared to other biosorbents reported
in the literature.

Conclusion

This study demonstrates the effectiveness of sugarcane
bagasse (SCB), rice husk (RH) and tea waste (TW) as cost-
efficient biosorbents for removing crystal violet dye from
aqueous environments. The best adsorption performance was
observed under conditions of 1 g/L biosorbent dosage, 40 ppm
initial dye concentration, pH 9 and 30 °C solution tempera-
ture. Among the biosorbents, SCB exhibited superior adsor-
ption capacity, resulting from its larger surface area, greater
pore volume and a variety of functional groups. The equilib-
rium data were well-aligned by the Langmuir isotherm, with
maximum adsorption capacities of 61.35, 58.82 and 53.19
mg/g for SCB, RH and TW, respectively. The adsorption
kinetics fitted with the PSO model, indicating the potential
role of chemical interactions. Thermodynamic parameters and
activation energy analyses confirmed the adsorption process
to be endothermic and predominantly driven by physisorption.
These findings underscore the potential of SCB, RH and TW
as green, cost-effective and efficient biosorbents for dye
removal in wastewater treatment. Future research should focus
on assessing their regeneration and reusability, performance
in real wastewater systems and sustainability through environ-
mental toxicity and life cycle analyses.
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