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This study demonstrates the effective use of mustard-waste-derived activated carbon as a sustainable and low-cost adsorbent for the
removal of malachite green dye from aqueous solutions. SEM and TEM analyses revealed a highly porous and heterogeneous surface,
while FTIR confirmed the presence of functional groups (-OH, -COOH, -C=0), facilitating dye adsorption. BET analysis yielded a surface
area of 125.3 m?/g with a monolayer adsorption volume (Vm) of 28.79 cm®/g and a BET constant (C) of 43.34, indicating strong adsorbate-
adsorbent interactions. Batch experiments achieved a maximum removal efficiency of 97.97% at pH 8, contact time of 80 min and
adsorbent dose of 50 mg. Adsorption kinetics followed the pseudo-second-order model (R? > 0.99), suggesting chemisorption, while
equilibrium data fitted the Langmuir isotherm (R? = 0.987) with a maximum capacity of 46.34 mg/g. Thermodynamic studies confirmed

a spontaneous and endothermic adsorption process.
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INTRODUCTION

Synthetic dyes are widely used in printing, painting, food,
textile and related industries. A significant portion of these dyes
enters wastewater, with nearly 10% reaching aquatic environ-
ments during processing, causing serious pollution problems
[1,2]. At high concentrations, many dyes are toxic and harm-
ful to both humans and aquatic organisms. Conventional treat-
ment methods such as precipitation, photodegradation and
commercial activated carbon adsorption are often costly and
may generate secondary waste [3,4]. Hence, efficient and
low-cost alternatives are needed. Activated carbon is a highly
effective adsorbent due to its porous structure, large surface
area, and strong adsorption capacity, making it widely used
for wastewater treatment [5-7].

Among the available approaches, the use of agricultural
waste materials as low-cost biosorbents has gained significant
attention since they are abundant, renewable and rich in
functional groups capable of binding dye molecules [8,9]. In
this context, mustard waste is particularly attractive. Rajasthan,
one of India’s major mustard-producing states, generates large
amounts of mustard residues after harvesting. These residues,
mainly stalks and husks, are lignocellulosic in nature and contain

lignin along with surface hydroxyl and carboxyl groups that
provide strong adsorption potential for dye removal [10]. Their
utilization can also reduce the environmental burden caused
by open disposal or burning of crop residues. In granular form,
mustard waste has shown promise in wastewater filtration and
adsorption processes [11-13]. Furthermore, the glucosinolate
content of mustard residues limits their use as animal feed,
making valorisation as an adsorbent more practical [14]. Similar
plant-based wastes such as banana peel, rice husk, sawdust,
orange peel and sugarcane bagasse have also demonstrated
effective malachite green removal due to their porous ligno-
cellulosic structure and reactive functional groups [15-17].
Malachite green is extensively used for colouring silk,
leather and paper, and as an antifungal agent in aquaculture.
However, its non-biodegradable, toxic and potentially carci-
nogenic nature makes it a hazardous aquatic pollutant, high-
lighting the urgent need for efficient wastewater treatment
methods [18-20]. Limited research has examined the use of
mustard crop residue for malachite green adsorption. This
study aims to explore the potential of mustard crop residue as
a low-cost biosorbent for removing malachite green from
aqueous solutions. The research will focus on characterizing
the biosorbent, evaluating the adsorption performance under
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varying conditions and analyzing the adsorption isotherms
and kinetics.

EXPERIMENTAL

The chemicals used throughout the experiment were of
analytical grade and obtained from Loba Chemie Pvt. Ltd.,
India including malachite green dye (Cz3H2sCIN2), sodium
hydroxide, potassium hydroxide, hydrochloric acid, ethyl
alcohol and other reagents for pH adjustment. A 1000 mg/L
stock solution of malachite green dye was prepared in double-
distilled water and diluted to the desired concentrations for
further experimentation.

Mustard waste (crop residue): Mustard (Brassica nigra)
crop residues were collected from local agricultural fields in
the village of Karauli district (26.4934° N, 77.1035° E),
Rajasthan, India. The raw biomass was thoroughly washed
with tap water followed by distilled water to remove dirt, dust
and surface impurities. It was then pulverized using a
mechanical grinder, sieved to obtain a uniform particle size
(100-250 pm) and dried in a hot air oven at 80 °C for 24 h.
The prepared biomass was finally stored in airtight containers
for further use.

Preparation of modified adsorbent from mustard
waste: The dried mustard residue was carbonized in a muffle
furnace at 400 °C for 1 h. The obtained char was chemically
activated with KOH using a 1:2 weight ratio (char:KOH),
followed by heating at 80 °C for 12 h to ensure complete imp-
regnation. The activated material was then reheated at 400 °C
for 1 h to complete the activation process. Finally, the product
was mechanically ground into a fine powder and stored in
airtight containers for subsequent adsorption studies.

Characterization: X-ray diffraction (XRD) analysis was
carried out across a 20 range of 10° to 80° using a PANalytical
XPERT PRO diffractometer equipped with CuKa radiation,
running at 40 kV and 40 mA, to assess the crystallinity, stru-
ctural purity and crystallite size of the synthesised materials.
Using a Nova Nano FESEM-450 (FEI) for scanning electron
microscopy (SEM) and high-resolution transmission electron
microscopy (HRTEM), the surface morphology, particle sizes
and microstructural features were investigated. Energy-
dispersive spectroscopy (EDS) was employed to determine
the elemental composition of the samples. Fourier transform
infrared (FTIR) spectra were recorded on a Perkin-Elmer
FTIR spectrometer in the range of 4000-400 cm™ to identify
the functional groups and bonding characteristics. Brunauer-
Emmett-Teller (BET) analysis was carried out using a NOVA
Touch 2LX surface area analyzer to evaluate specific surface
area, pore size, pore volume, pore type and pore distribution.

Adsorption experiments: Batch adsorption studies were
conducted to evaluate the dye-removal efficiency of the pre-
pared activated carbon. Experiments were carried out in 250
mL conical flasks containing 50 mL of malachite green dye
solution under varying pH (2-10) and contact time (10-100
min). The adsor-bent dosage was 0.02-0.05 g, the initial dye
concentration was 10-60 mg/L and the temperature was 20-
60 °C. The pH was adjusted with 0.1 N HCI or NaOH. All
flasks were agitated on a magnetic stirrer at 150 rpm. After
the designated time, samples were filtered and analysed spec-

trophotometrically at 617 nm to determine the remaining
malachite green dye concentration:

qe=[c°‘cejxv M

m
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m

Using standard egns. 1 and 2, the adsorption capacity
(ge) and percentage removal, respectively were calculated.
The obtained results were further analysed using isotherm,
kinetic and thermodynamic models to better understand the
adsorption behaviour of malachite green onto mustard waste-
derived activated carbon.

Statistical analysis: All adsorption experiments were
conducted in duplicate and the average values were reported
for reliability. Only small differences were observed between
replicate measurements, indicating good consistency of the
experimental procedure. Where required, the error bars sho-
wing standard deviation were included in the adsorption plots
to represent experimental uncertainty.

RESULTS AND DISCUSSION

XRD studies: The X-ray diffraction (XRD) pattern of
the mustard waste-derived adsorbent (Fig. 1) shows a broad
peak in the 26 range of 15°-30°, indicating the predominantly
amorphous nature of the material. Such diffuse peaks are the
characteristic of non-crystalline carbon structures commonly
observed in biomass-derived activated carbons. The absence
of sharp diffraction peaks confirms the lack of long-range
crystalline order, which is typical for lignocellulosic carbon
materials [21]. A weak peak near 20 = 29.5° is assigned to the
(002) plane of graphitic carbon in a disordered or turbostratic
form. Similar patterns have been reported for activated carbons
prepared from agricultural wastes such as coconut shell and
rice husk [22-24]. The amorphous structure is beneficial for
adsorption since it provides irregular pores, surface defects,
and heterogeneous active sites that enhance dye uptake. The
disordered carbon framework also contributes to higher surface
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Fig. 1. XRD spectrum of mustard waste derived adsorbent
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reactivity. These results confirm that the mustard waste-derived
adsorbent possesses structural features favourable for efficient
adsorption applications.

FT-IR studies: The FTIR spectrum of mustard waste-
derived activated carbon reveals several characteristic absorp-
tion bands, confirming the presence of surface functional groups
key for adsorption (Fig. 2). A broad band centered at 3424
cm is assigned to O—H stretching vibrations of hydroxyl
groups and adsorbed moisture, commonly observed in biomass-
derived carbons and likely related to residual lignocellulosic
constituents. Peaks at 2924 and 2853 cm correspond to ali-
phatic C—H stretching of —CH, and —CHj3 groups, indicating
partial retention of the organic carbon framework after carbo-
nization [25]. The absorption band at 2344 cm™* is attributed
to physically adsorbed CO, (asymmetric stretching mode) on
the porous surface. A distinct peak near 1623 cm™ arises
from C=C stretching vibrations of aromatic domains, sugges-
ting the development of conjugated carbon structures and
partial graphitization within the carbon matrix [26]. The band
at 1404 cm is associated with C-O stretching or O-H bending
vibrations, indicating oxygen-containing functionalities such
as phenolic or carboxylic groups on the surface [27]. The peaks
in the 1100-1000 cm™* region are assigned to C—O stretching
vibrations of alcohol, ether or ester groups [28], while weaker
absorptions between 800-500 cm™ correspond to the out-of-
plane bending of aromatic C—H bonds. The presence of
hydroxyl, oxygenated and aromatic surface groups indicates

102 T @ T ' T e T B T T T M T

1004 7
98 1 h
3 961 -

o
>~
<

8 94 a
=

£

E 92 4 -
[72]
c

& 90- .
|_

88 1 .
861 .

841 e

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Wavelength (cm™)

Fig. 2. FTIR spectrum of the adsorbent obtained from mustard waste
multiple active sites capable of electrostatic interaction,
hydrogen bonding and m-w interactions with malachite green
molecules, thereby enhancing adsorption performance [29].

Surface morphology studies (SEM): The SEM micro-
graphs of mustard waste-derived activated carbon reveal a
highly porous and irregular surface morphology, which is a
desirable characteristic for efficient adsorbents (Fig. 3). At

Fig. 3. SEM micrographs of activated carbon obtained from mustard waste
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different magnifications, the images show a well-developed
pore network with cavities of varying shapes and sizes, indi-
cating the coexistence of micro- and mesoporous structures
[30]. The sponge-like and honeycomb-like texture observed
in several regions suggests effective carbonization and chemi-
cal activation, resulting in increased surface roughness and pore
development.

The fractured and layered surface features with exposed
internal voids are also visible, confirming the decomposition
of lignocellulosic constituents and the removal of volatile
components during thermal treatment [31,32]. Such textural
modifications significantly enhance the accessible surface area
and provide more active sites for adsorption of dye molecules
such as malachite green. The interconnected pore channels
are expected to facilitate rapid mass transfer and improved
diffusion of pollutants into the adsorbent matrix. Irregular and
sharp-edged particles observed in some areas may be attri-
buted to structural etching caused by KOH activation. These
observations confirm the formation of a heterogeneous porous
carbon material suitable for wastewater treatment applica-
tions [33].

EDS analysis (Fig. 4) further confirmed that carbon is the
dominant element, verifying successful formation of a carbon
rich adsorbent. The presence of oxygen indicates surface
oxygenated functional groups that can promote adsorption
through hydrogen bonding and electrostatic interactions. Minor

Fig. 5. TEM micrographs of the prepared adsorbent at different magnifications: (A) 200 nm, (B) 100 nm, (C) 50 nm, (D) 20 nm and (E) 5 nm

6 8 10 12 14
Fig. 4. EDS spectrum of activated carbon prepared from mustard waste
amounts of calcium, magnesium, potassium, phosphorus and
aluminium were also detected, originating likely from the
natural mineral content of mustard biomass or residual acti-

vation byproducts.

TEM studies: TEM images at varying magnifications
were obtained to study the surface morphology of the synthe-
sised activated carbon (Fig. 5a-e). At the lowest magnifi-
cation (Fig. 5a, 200 nm), particles appeared as irregular
agglomerates with heterogeneous contrast, indicating differ-
ences in thickness and density. As magnification increased to
100 nm (Fig. 5b), the aggregated particles exhibited a porous,
loosely packed structure, suggesting interconnected nano-
structures. Higher magnification (Fig. 5¢, 50 nm; Fig. 5d, 20
nm) revealed finer features, with nano-sized domains featuring
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rough surfaces. Lattice fringes in Fig. 5d confirm some regions
are crystalline, while amorphous areas point to a partially
crystalline structure. The SAED pattern (Fig. 5e) displayed
concentric rings with bright spots, confirming the material’s
polycrystalline nature. The coexistence of crystalline and
amorphous regions indicates both ordered and disordered
structures in the nanomaterial. This porous, polycrystalline
morphology benefits adsorption and catalytic applications by
offering a high surface area and numerous active sites for
interaction [34].

BET studies: The Brunauer-Emmett-Teller (BET) anal-
ysis was carried out to evaluate the specific surface area and
textural properties of mustard waste-derived adsorbent. The
nitrogen adsorption-desorption isotherm exhibited a typical
Type IV curve with an H3 hysteresis loop, characteristic of
mesoporous materials with slit-shaped pores. The BET plot
was constructed within the relative pressure range of 0.30-
0.05, showing good linearity, validating the applicability of
the BET model. The calculated monolayer adsorption volume
(Vm) was 28.79 cm®/g (STP), with a corresponding BET
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constant (C) of 43.34, indicating favourable adsorbate-adsor-
bent interactions and a uniform energy distribution of adsorp-
tion sites (Fig. 6). Using the molecular cross-sectional area of
nitrogen (0.162 nm?), the BET surface area was determined
to be 125.3 m?/g. Furthermore, the total pore volume (Vy) was
estimated to be 0.128 cm®/g, while the average pore diameter
was calculated as 4.10 nm, confirming the predominance of
mesoporous structures. The moderate surface area, coupled
with well-developed mesoporosity, provides abundant active
sites and efficient diffusion pathways for dye molecules.
These findings demonstrate that the mustard waste can be
effectively converted into activated carbon with promising
adsorption characteristics, making it a sustainable and low-cost
biosorbent for wastewater treatment applications [35,36].

Batch adsorption studies

Effect of contact time: The adsorption of malachite
green onto mustard waste-derived activated carbon is strongly
influenced by contact time at different concentrations (10-60
mg/L), with a dose amount of 40 mg. As shown in Fig. 7, a
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Fig. 6. (a) N2 adsorption-desorption isotherm, (b) BET surface area analysis and (c,d) BJH pore size distribution of mustard waste derived

activated carbon
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Fig. 7. Adsorptive performance of mustard waste derived activated carbon

toward malachite green dye at different contact times

rapid increase in removal efficiency was observed during the
first stage of adsorption, attributed to the abundance of readily
available surface-active sites. As time progressed, the adsorp-
tion rate gradually decreased, reaching equilibrium once most
of the active sites were occupied. At equilibrium, the removal
efficiency was 98.05% at a contact time of 80 min. Interes-
tingly, the corresponding adsorption capacity (g:) increases
from 24.5 to 127.5 mg/g as the concentration increases. This
indicates that although the adsorbent showed a slightly lower
removal percentage at higher dye concentrations due to the
saturation of available active sites, the adsorption capacity
increased markedly as a result of the stronger concentration
gradient and enhanced mass transfer driving force at elevated
concentrations [37].

Effect of pH: As shown in Fig. 8a, at lower pH 2-4, the
percentage removal of the dye was relatively low due to the
excess concentration of H* ions, which compete with the
cationic malachite green molecules for available active sites
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on the adsorbent surface. As pH increased, the adsorption
efficiency improved significantly, reaching a maximum of
97.97% at pH 8. This enhancement can be attributed to the
increased negative charge on the adsorbent surface at higher
pH, which strengthens the electrostatic attraction between the
cationic dye molecules and the adsorbent. However, a slight
decrease in removal efficiency was observed at pH 10, likely
due to dye precipitation or alterations in surface chemistry under
highly alkaline conditions [38,39]. These findings indicate
that optimal malachite green adsorption occurs at pH 8, where
the electrostatic interactions are most favourable.

Effect of temperature: The influence of temperature on
the adsorption of malachite green dye onto mustard waste-
derived activated carbon was studied in the range of 293.15-
333.15 K. As shown in Fig. 8b, the adsorption efficiency
increases with temperature. At 293.15 K (20 °C), the removal
efficiency was 97.98%, rising to 98.35% at 303.15 K (30 °C).
A more pronounced improvement was observed at 333.15 K
(60 °C), where dye removal reached 98.43%. This increase in
adsorption capacity with rising temperature suggests that the
process is endothermic. The higher temperature likely pro-
motes greater mobility of malachite green dye molecules and
enhances their interaction with the available active sites on
the adsorbent surface [40,41].

Effect of adsorbent amount: The influence of the
adsorbent dose on dye removal efficiency is presented in Fig.
9a. A gradual increase in removal efficiency was observed as
the adsorbent dosage increased from 0.02 to 0.05 g. At the
lowest dose of 0.02 g, the removal efficiency was approxi-
mately 59.90%, which steadily increased to 73% at 0.03 g. A
significant enhancement was observed at 0.04 g, where the
removal efficiency reached 90.17% and further increased to
0.05 g, achieving nearly complete removal. The improvement
in performance with increasing adsorbent dose can be attri-
buted to the greater availability of active adsorption sites
[42]. The removal efficiency increased with increasing adsor-
bent dose due to the greater availability of active sites. How-
ever, beyond a certain dosage, the improvement became
marginal, possibly due to particle aggregation and overlapp-
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Fig. 8. Effect of (a) solution pH and (b) temperature on the adsorption of malachite green dye onto mustard waste-derived adsorbent



Vol. 38, No. 5 (2026)

Mustard Waste-Derived Activated Carbon for Efficient Removal of Malachite Green from Aqueous Solution 1183

100~ .

(a)

901 .

Removal (%)

701 1

60~ .

801 .

I 1 T T L] I T
0.020 0.025 0.030 0.035 0.040 0.045 0.050
Dose (g)

T T L] 1 T ]
1001 -
(b)
90 -
2
2 50- -
£
[0}
o
70 -
601 -
L] T L] T L] T
10 20 30 40 50 60

Concentration (mg/L)

Fig. 9. Effect of (a) dose amount (b) initial dye concentration on the adsorption of malachite green dye onto mustard waste derived activated

carbon

ing adsorption sites. Therefore, 0.05 g was selected as the
optimum dose for the subsequent experiments.

Effect of varying initial dye concentrations: Fig. 9b
shows the effect of the initial malachite green concentration
on its removal by mustard waste-derived activated carbon.
The removal efficiency decreased as the dye concentration
increased from 10 to 60 mg/L. At 10 mg/L, the adsorbent
exhibited a 98.59% removal efficiency, primarily due to the
large number of accessible adsorption sites relative to the dye
molecules. However, as concentration increased, the per-
centage removal declined to 58.73% at 60 mg/L, which can
be attributed to saturation of adsorption sites and limited
binding capacity at higher solute loads. Although efficiency
decreases with concentration, the actual dye uptake per unit
mass of adsorbent generally increases due to a stronger con-
centration gradient [43]. These results confirm that mustard
waste-derived activated carbon is highly effective for the
malachite green removal at lower concentrations. In compar-
ison, higher concentrations may require a greater adsorbent

dosage or an extended contact time to achieve enhanced treat-
ment performance.

Adsorption Kinetic studies: The kinetic behaviour of
malachite green adsorption onto mustard waste-derived adsor-
bent was evaluated using pseudo-first-order (PFO), pseudo-
second-order (PSO), Elovich and intraparticle diffusion (IPD)
models. The corresponding kinetic parameters for these models,
including PFO, PSO, Elovich and IPD, are summarised in
Table-1 and their graphs are shown in Fig. 10, for malachite
green dye concentrations ranging from 10 to 60 mg/L. The
applicability of these models is assessed through the regres-
sion coefficient (R?) values and the agreement between the
experimental adsorption capacities (ge, exp) and the calculated
values (Qecal), Which demonstrates the reliability of kinetic
approach in describing the adsorption process. The pseudo-
first-order model exhibited relatively low correlation coeffi-
cients (R? = 0.795-0.902) and calculated g values that devi-
ated significantly from the experimental data, indicating that
it was not suitable to describe the adsorption process. In contrast,

TABLE-1
ADSORPTION KINETIC PARAMETERS OF MALACHITE GREEN DYE ONTO MUSTARD WASTE-DERIVED ADSORBENT

Kinetics Dye concentration (mg)

models Parameters 10 20 30 40 50 60
Je, EXP 12.256 23.835 34.152 452 55.175 65.424
First order K1 0.0323 0.0272 0.0412 0.0313 0.0199 0.0286
e, cal 6.463 10.59 14.81 22.77 20.61 29.53
R 0.975 0.951 0.914 0.968 0.849 0.985
e, cal 13.55 26.06 36.76 49.72 59.84 71.78
Second order K2 0.0069 0.0038 0.0039 0.0019 0.0016 0.0014
R 0.997 0.996 0.998 0.997 0.995 0.997
B 0.517 0.299 0.206 0.143 0.125 0.101

Elovich o 11.22 395 66.9 46.06 72.05 78.2
R 0.971 0.952 0.957 0.981 0.929 0.982
Kid 0.642 1.127 1.548 2.312 2.659 3.252
Intraparticle C 6.195 12.964 20.215 23.361 29.133 34.723
R 0.988 0.983 0.934 0.993 0.945 0.994
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Fig. 10. Kinetic model fitting for the adsorption of malachite green dye onto mustard waste at different initial concentrations: (a) pseudo-
first-order, (b) pseudo-second-order, (c) Elovich and (d) intraparticle diffusion models

the pseudo-second-order model provided an excellent fit with
very high correlation coefficients (R? = 0.947-0.993) and
calculated ge values that closely matched the experimental
ones across all dye concentrations. This confirms that the
adsorption process follows a PSO kinetic model, suggesting
that chemisorption, involving valence forces through electron
sharing or exchange between adsorbent and adsorbate, is the
dominant mechanism [44,45].

The Elovich model also showed good agreement (R? =
0.929-0.982), implying surface heterogeneity and a distribu-
tion of activation energies during adsorption. However, it was
slightly less accurate than the second-order model. Further-
more, the intraparticle diffusion model indicated that dye uptake
increased with higher initial concentrations, as reflected by the
rising Kq values (0.642-3.252). However, the intercept (C = 0)
suggests that intraparticle diffusion was not the sole rate-
limiting step and boundary layer diffusion also contributed to
the overall adsorption process [46-49].

Based on the kinetic studies, it is found that malachite
green adsorption onto mustard waste-derived adsorbent is pre-
dominantly described by the pseudo-second-order model, indi-
cating chemisorption as the principal rate-controlling mech-
anism, while the intraparticle diffusion contributes as a
secondary transport process.

Adsorption equilibrium studies: The adsorption equili-
brium data for the removal of malachite green onto mustard
waste derived adsorbent was analysed using four isotherm
models, namely Langmuir, Freundlich, Temkin and Dubinin—
Radushkevich (D-R) [50]. Among these, the Langmuir model
provided the best fit with a high correlation coefficient (R? =
0.987), indicating that the adsorption process predominantly
follows monolayer coverage on a homogeneous surface. The
maximum adsorption capacity (gmax) Was determined to be
46.339 mg/g, suggesting that the adsorbent possesses a high
affinity for malachite green dye. The Langmuir constant (b,
0.469 L/mg) further supports the strong adsorbate—adsorbent
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interaction, while the separation factor value (R = 0.175),
which lies between 0 and 1, confirms that the adsorption is
highly favourable [51].

The Freundlich model also exhibited a strong correlation
(R? = 0.985), reflecting the heterogeneous nature of the adsor-
bent surface. The Freundlich constant (K =19.436) indicated
a considerable adsorption capacity and the value of the hetero-
geneity factor (n = 3.97 > 1) suggested that the adsorption
process is favourable and primarily governed by the physical
adsorption on a heterogeneous surface [52].

The Temkin model yielded a moderate fit (R? = 0.93),
underscoring the influence of adsorbent-adsorbate interact-
ions. The Temkin constant (B+ = 6.138 J/mol) suggests a mild
heat of adsorption, which implies that the process involves
both physisorption and weak chemisorption. Similarly, the
D-R model showed the lowest correlation (R? = 0.75), with a
mean adsorption energy value of E = 3.63 kJ/mol, which is
below 8 kJ/mol, indicating that physical interactions predo-
minantly govern the adsorption process [53,54].

The isotherm analysis indicates that malachite green dye
adsorption onto mustard waste-derived adsorbent is favour-
able and efficient, with the Langmuir model providing the
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Fig. 11.
Temkin and (d) Dubinin—Radushkevich (D-R) models

log q,

best fit for the equilibrium data. The findings (Fig. 11, Table-2)
suggest that adsorption occurs predominantly through mono-
layer coverage, while surface heterogeneity also contributes
to the uptake process. The mechanism is likely governed by
a combination of physisorption with possible minor chemi-
sorptive interactions.

Thermodynamics studies: The thermodynamic para-
meters governing the adsorption of malachite green dye onto
mustard waste-derived adsorbent were evaluated and the
results are shown in Table-3. By using the following equations,
the thermodynamic parameters were evaluated:

AG°=-RTInK_ (1)

AS®  AHO°
INK.=—">_="" 2
° R RT @

where Kc is the equilibrium constant, T is the temperature in
kelvin and R stands for the universal gas constant (8.314
J/mol K). According Table-3, the Gibbs free energy change
(AG°) values were negative at all studied temperatures, speci-
fically at 293.15, 303.15 and 333.15 K. These negative AG°
values confirm the spontaneous nature of the adsorption
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Adsorption isotherm plots for malachite green removal using mustard waste derived adsorbent: (a) Langmuir, (b) Freundlich, (c)
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TABLE-2
FITTED ISOTHERM MODEL PARAMETERS FOR
MG DYE ADSORPTION ONTO MUSTARD
WASTE DERIVED ADSORBENT

Isotherms Parameters Values of isotherm parameters
R? 0.987
A Omax 46.339
Langmuir R 0175
br 0.469
R? 0.985
Freundlich Kr 19.436
n 3.97
R? 0.93
. Kr 33.978
Tempkin B 6.138
bt 403.79
R? 0.75
D-R Kad 3.8x 108
E! 3625.09
TABLE-3

THERMODYNAMIC PARAMETERS ASSOCIATED
WITH MALACHITE GREEN DYE ADSORPTION ON
MUSTARD WASTE-DERIVED ADSORBENT

Temperature AG® AH° AS°
(K) (kd mol™?) (kd mol™) (I mol ' K™
293.15 -10.11
303.15 -10.62 46.61 50.42
333.15 -12.13

process, while the gradual decrease with increasing tempera-
ture indicates that higher temperatures favour malachite green
uptake [55]. The positive enthalpy change (AH® = 46.61 kJ
mol?) indicates the endothermic nature of adsorption, which
is further supported by the improved dye removal at elevated
temperatures. The positive entropy change (AS°® = 50.42 J
mol~! K1) suggests increased randomness at the solid-liquid
interface during adsorption, most likely due to the displace-
ment of water molecules and structural adjustment in the
adsorbent surface [56-58]. The van’t Hoff plot (In K¢ vs. 1/T)
exhibits a good linear relationship, validating the reliability
of calculated parameters. Thus, the thermodynamic parame-
ters indicate that malachite green adsorption onto a mustard
waste-derived adsorbent is spontaneous, endothermic and
entropy-driven, rendering the material highly suitable for
practical dye removal applications.

Reusability: When assessing an adsorbent’s long-term
suitability and economic viability for wastewater treatment,
reusability is a crucial factor. The current work used several
adsorption-desorption cycles to examine the regeneration and
reusability of activated carbon produced from mustard waste.
To evaluate both recovery of adsorption performance and
structural integrity over several cycles, the regeneration
method involved desorbing malachite green from the spent
adsorbent and then drying it before reuse.

The reusability of the prepared adsorbent was assessed
through four successive adsorption-desorption cycles, as
presented in Fig. 12. For reuse in malachite green adsorption,
the exhausted adsorbent was regenerated by the solvent
desorption method using an ethanol-water mixture as the
eluent in batch mode. The regenerated mustard waste-derived

100 4
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2 4
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Number of cycles

Fig. 12. Reusability of mustard waste-derived adsorbent for malachite green
dye removal over four adsorption-desorption cycles

adsorbent was then applied to 200 mL of malachite green
solution (30 mg/L) at pH 8 with an adsorbent dose of 0.1 g.
Following adsorption, the spent material was again subjected
to desorption and reused in subsequent cycles. In the first
cycle, the removal efficiency was nearly 100%, indicating the
excellent initial performance of the adsorbent. In the second
and third cycles, only a slight decrease was observed. The
gradual reduction in performance across cycles may be attri-
buted to partial pore blockage or incomplete desorption of
dye molecules. Nevertheless, the results confirm that the
adsorbent exhibits excellent regeneration potential and can be
effectively reused with minimal loss in adsorption efficiency,
making it a promising candidate for sustainable and cost-
effective wastewater treatment applications.

FT-IR analysis before and after adsorption: The FT-IR
spectra of mustard waste-derived activated carbon before and
after malachite green adsorption are shown in Fig. 13, revea-
ling significant shifts and intensity changes in several charact-
eristic bands. The broad band around 3400 cm™? shifted follo-
wing adsorption, clearly indicating the formation of hydrogen
bonds between the amine groups of malachite green and the
hydroxyl groups present in the lignocellulosic matrix of the
adsorbent. Alterations observed in the 1600-1500 cm™ region
indicate n-7 interactions between the aromatic rings and the
lignin-derived aromatic structures of the activated carbon.
Modifications in the C—N and C-O stretching regions (1400-
1000 cm™) further demonstrate the participation of malachite
green amine groups and oxygen-containing functional groups
on the adsorbent surface in electrostatic interactions.

Furthermore, the reduced intensity of bands correspon-
ding to —OH and C=0 groups indicates their participation in
the interaction with malachite green molecules. These spectral
variations suggest that adsorption on the activated carbon sur-
face involves specific chemical interactions alongside phys-
ical adsorption.

Comparative studies: For better comparison of adsorp-
tion performance, the efficiency of the mustard waste-derived
activated carbon was evaluated alongside other low-cost adsor-
bents reported for malachite green removal (Table-4). The
maximum adsorption capacity obtained in this study (46.34
mg gY) is in the same range as many agricultural waste—based



Vol. 38, No. 5 (2026)

Mustard Waste-Derived Activated Carbon for Efficient Removal of Malachite Green from Aqueous Solution 1187

TABLE-4
COMPARISON OF ADSORPTION CAPACITIES FOR MALACHITE GREEN DYE USING LOW-COST ADSORBENTS

Adsorbent Adsorbent source/activation hﬂ::gttjy g:s(?]:g}g;n Isnc:tcr)gegp Ref.
Fox nutshell activated carbon ZnCl; activated agricultural waste 523.3 Langmuir [59]
Okra stalk activated carbon Microwave and chemical activated 119.05 Langmuir [60]
Aegle marmelos-derived activated biochar NaOH activated bael shell biochar 120.45 Langmuir [61]
Aminated sal sawdust (ASSD) Chemically modified sawdust 91.9 Langmuir [62]
Rice husk Raw rice husk agricultural waste 8.69 Langmuir [63]
Mangosteen peel activated carbon H2SO4 activated fruit peel 19.35 Langmuir [64]
Mustard waste-derived activated carbon KOH-activated mustard waste 46.34 Langmuir Present study

102
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Fig. 13. FT-IR spectral analysis of mustard waste activated carbon before
and after adsorption of malachite green dye

adsorbents described in previous studies. Although some chem-
ically activated carbons show higher adsorption capacities, their
preparation often involves more complex activation steps or
the use of less sustainable raw materials. In contrast, the adsor-
bent developed in the present work provides a good balance
between adsorption efficiency, low-cost precursor availability
and a relatively simple preparation method. These character-
istic features make it a promising material for practical waste-
water treatment applications.

Conclusion

In this study, activated carbon derived from mustard waste
was successfully synthesised and evaluated for the removal
of malachite green dye from aqueous solutions. The prepared
adsorbent exhibited high removal efficiency under optimised
conditions, demonstrating its suitability as a low-cost and sus-
tainable material for wastewater treatment. The equilibrium
data were best fitted by the Langmuir isotherm model, indica-
ting predominant monolayer adsorption, while the kinetic
results followed the pseudo-second-order model, suggesting
that the process is mainly governed by surface-controlled inter-
actions. The adsorption of malachite green onto the prepared
carbon is attributed to the combined influence of electrostatic
attraction, pore filling and m-n interactions between the dye
molecules and the functionalised carbon surface. This interpre-
tation is supported by the pH-dependent adsorption behaviour,
FTIR spectral changes and adsorption modelling studies. The
regeneration experiments further showed that the adsorbent
retained a substantial proportion of its adsorption capacity after
repeated cycles, indicating good structural stability and reuse

potential. These findings demonstrate that mustard waste can
serve as an eco-friendly and economically viable precursor for
activated carbon production. The study highlights the promise
of agricultural waste-derived carbonaceous adsorbents for
efficient treatment of dye-contaminated wastewater and sup-
ports the advancement of sustainable water purification tech-
nologies.
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