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The sustainable utilization of waste biomass for wastewater treatment aligns with the principles of green

chemistry and the circular economy. In this study, cellulose was extracted from waste bamboo culm

sheath (BCS) and evaluated as a renewable and reusable adsorbent for removing malachite green (MG)

from aqueous solutions. Dynamic light scattering confirmed a cellulose size of 108 nm, while structural

and morphological analyses were conducted using X-ray diffraction, field-emission scanning electron

microscopy, FT-IR, and atomic force microscopy. The adsorption process was pH-dependent, with

optimal removal of 92.8% MG (20 mg L−1) within 120 minutes. Kinetic studies indicated pseudo-first-

order behavior, and the Langmuir isotherm model estimated a maximum monolayer adsorption capacity

of 111.11 mg g−1. Reusability tests demonstrated over 80% removal efficiency up to four cycles,

supporting its long-term application. This study presents an eco-friendly approach to wastewater

remediation, demonstrating the potential of BCS-derived cellulose as a sustainable adsorbent for dye

removal, contributing to responsible resource utilization and environmental protection.
Sustainability spotlight

The pursuit of sustainable water treatment solutions necessitates the development of eco-friendly and high-performance materials. This research addresses the
urgent need for sustainable dye remediation by utilizing waste bamboo culm sheath (BCS) to produce cellulose, a renewable and biodegradable adsorbent. By
valorizing an abundant agro-waste material, this study aligns with the principles of the circular economy while mitigating environmental pollution. The
cellulose demonstrated high efficiency in removing hazardous malachite green (MG) dye, with excellent reusability, thereby reducing chemical waste and
supporting responsible resource consumption. This innovative approach not only transforms waste biomass into a valuable adsorption material but also
contributes to cleaner water systems and sustainable production practices. By integrating waste valorization with wastewater treatment, this research highlights
the potential of green chemistry in advancing environmental sustainability.
1 Introduction

The rapid expansion of industrialization and technological
advancements has intensied water pollution, posing a serious
environmental and public health challenge. Industries such as
textiles, leather, printing, paper, plastics, cosmetics, food pro-
cessing, rubber, and petroleum release substantial amounts of
organic pollutants, including synthetic dyes, into water bodies.
Globally, over 7 million tons of approximately 10 000 industrial
dyes are produced annually, with nearly 20% of these dyes being
discharged as effluents.1,2 These synthetic dyes, including
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malachite green (MG), are persistent pollutants, exhibiting
toxic, mutagenic, and allergenic properties, even at low
concentrations in water (<1 mg L−1).3,4 Malachite green,
a triphenylmethane dye widely used in textiles, leather pro-
cessing, distilleries, and aquaculture, is associated with severe
health risks, including liver, kidney, and intestinal damage,
while also being detrimental to aquatic and microbial life.5,6

The complex molecular structure of synthetic dyes enhances
their resistance to biodegradation, as they remain stable under
exposure to light, heat, water, and chemical treatments.7

Several conventional treatment techniques, such as electro-
dialysis, reverse osmosis, ion exchange, ultraltration, and
chemical precipitation, have been employed to combat dye
pollution. However, these methods oen suffer from high
operational costs, energy consumption, partial removal effi-
ciency, and secondary waste generation.8,9 In contrast, adsorp-
tion has emerged as an efficient and economically viable
alternative for dye removal due to its simple design, ease of
RSC Sustainability, 2025, 3, 4583–4597 | 4583
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operation, cost-effectiveness, and ability to eliminate contami-
nants, even from highly diluted solutions.10 Recent research
efforts have focused on developing recyclable and sustainable
adsorbents derived from renewable biomass to address water
contamination challenges.

Cellulose, the most abundant biopolymer on earth, is
a linear polysaccharide composed of b-D-glucose units linked
via b-(1/4)-glycosidic bonds. It is an attractive natural alter-
native to synthetic polymers due to its renewable availability,
non-toxicity, and biodegradability.11 Extracted from diverse
sources, including wood, grasses, and algae, cellulose nds
applications in industries such as food, pharmaceuticals,
paints, and textiles.12 The emergence of nanocellulose, charac-
terized by its exceptional mechanical properties, high surface
area, and tunable functional groups, has opened new avenues
for applications in nanocomposites and water remediation.13 Its
robust hydrogen-bonded network imparts mechanical strength,
making it an ideal candidate for adsorptive applications. Bas-
syouni et al. synthesized nanocellulose/chitosan-based
composites using nanocellulose from palm leaves, demon-
strating high removal efficiency (91.5%) for direct blue 78 dye in
textile wastewater.14 Chauhan et al. fabricated spherical nano-
cellulose (SNC) from pine needles and functionalized it with
methionine ester, achieving high adsorption capacities (94.8%
for Hg2+ and 96.1% for Congo red dye).15 Tan et al. developed
biomass-derived adsorbents from passion fruit leaves for
wastewater treatment, reporting a Langmuir monolayer
capacity of 227.3 mg g−1 for AB113 and 666.7 mg g−1 for
methylene blue (MB) dye, demonstrating cost-effectiveness
comparable to commercial activated carbons.16

Bamboo-based biomass has gained signicant attention as
a renewable resource with promising applications in environ-
mental sustainability. Bamboo culm sheath (BCS), an agricul-
tural waste byproduct of Dendrocalamus giganteus, is
traditionally used as natural soil fertilizer or as biofuel in rural
communities. It is abundantly available in Asian countries such
as China, India, Sri Lanka, and Bangladesh.17 Comprising hol-
ocellulose (70.17%), acid-insoluble lignin (21.65%), acid-
soluble lignin (1.72%), toluene–alcohol extract (2.66%), SiO2

(1.50%), and ash (3.21%), BCS is an excellent source of cellulose
with a high degree of functionalization, making it a promising
candidate for adsorption applications.17,18

Although BCS-derived cellulose is rich in cellulose, its
potential as an effective and sustainable adsorbent for dye
removal has not been thoroughly investigated. This research
seeks to address this gap by employing cellulose obtained from
BCS as an environmentally friendly, economical, and reusable
adsorbent to eliminate malachite green from water solutions.
The innovation of this study lies in its emphasis on using an
underutilized biomass resource for wastewater treatment,
thereby adding to the expanding research on eco-friendly
adsorbents. Moreover, since the extracted cellulose undergoes
no additional chemical alterations, it serves as a lucrative and
practical adsorbent compared to other modied cellulose-based
materials reported in the literature. Furthermore, biosorbents
oen encounter issues such as limited adsorption capacity and
prolonged contact times in the removal process, but cellulose
4584 | RSC Sustainability, 2025, 3, 4583–4597
derived from BCS effectively overcomes these drawbacks.19,20

Ensuring sustainability through the recyclability and reuse of
adsorbent materials is essential for achieving a zero-waste
strategy. The adsorption performance was analysed with respect
to pH, temperature variation, contact time, and MG concen-
tration, with equilibrium and kinetic modelling providing
insights into the adsorption mechanism. This study advances
the development of sustainable materials for water purication
and lays the foundation for future applications in dye and heavy
metal removal, aligning with global sustainability goals.
2 Materials and methodology
2.1. Materials

Bamboo culm sheaths were obtained from the Utkal University
campus, in Bhubaneswar, India. Chemicals like toluene (CAS
no. 108-88-3, SRL, India), ethanol (CAS no. 64-17-5, Merck,
India), KOH (CAS no. 1310-58-3, Finar, India), sodium
perchlorate (NaClO4, CAS no. 7601-89-0, Finar, India), acetic
acid (CAS no. 64-19-07, Finar, India) and malachite green
chloride (MG, CAS no. 569-64-2, $90%, Finar, India) were
procured and used as such.
2.2. Extraction of cellulose from bamboo culm sheath (BCS)

To prepare the bamboo culm sheaths for use, they underwent
a thorough cleaning process with warm water, repeated 3–4
times to remove dirt and other water-soluble substances.
Aerward, they were dried at a temperature of 50 °C. The dried
and puried sheaths were then crushed into a ne powder
using a grinder and carefully sieved through a Tyler mesh.
Following this, cellulose was extracted from this BCS powder
through four steps. Initially, (i) Soxhlet extraction was employed
to eliminate waxes, using a 2 : 1 (v/v) mixture of toluene to
ethanol (EtOH) at 155 °C for 5 hours; then (ii) the solid material
was separated and allowed to dry for 24 hours at 60 °C. In the
next step, (iii) water-soluble lignin and polysaccharides were
removed via treatment with deionized water, with the BCS
immersed in a 1 : 25 (g : mL) ratio at 80 °C and 300 rpm for 4
hours. (iv) Vacuum ltration was used to isolate the solid
material, which was then dried for 24 hours. The subsequent
step involved the removal of insoluble lignin using a 3 wt%
bleach solution of NaClO4 (pH 3.6) at a 1 : 20 (g : mL) ratio with
the BCS, followed by an acid treatment at 75 °C for 2 hours.
Again, vacuum ltration was used, and the collected solid was
washed until neutral before drying. Finally, a basic treatment
with aqueous KOH (18 wt%) for 2 hours at room temperature
was employed to eliminate hemicellulose and remaining lignin,
resulting in pure cellulose. It was then ltered, rinsed with
ethanol, neutralized with deionized water, and dried at 60 °C for
24 hours.21,22 The yield of bamboo-extracted cellulose was found
to be 77.8%. The extracted cellulose was milled using a plane-
tary ball mill (NST_HM_O63, India), with 5 mm diameter agate
balls. The milling was carried out at a rotation speed of 800 rpm
for 60 minutes with a gap period of 5 minutes. The milled
cellulose was then characterized using DLS, FESEM, and TEM to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flowchart for the extraction of cellulose (BEC) from bamboo-culm-sheaths (BCSs).
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conrm its nanoscale form.23 The procedure for the extraction
of cellulose (BEC) from bamboo cum sheath is shown in Fig. 1.

2.3. Characterization

The bamboo-extracted cellulose (BEC) was subjected to
different characterization techniques to evaluate its structural
backbone. Using a SHIMADZU, IRAffinity-1S spectrometer,
Fourier transform infrared (FTIR) spectra were recorded
between 400 and 4000 cm−1 with the KBr pellet method. The
BEC sample was dispersed in deionized water andmeasured for
particle size and zeta potential using a Zetasizer (Malvern
Instruments Ltd, UK) with DTS 1060 plastic cells and DTS 1070
capillary cells. The point of zero charge (pHpzc) for BEC was
determined using techniques outlined by Bach et al.24 The
process involved adding BEC powder at a concentration of 1 g
L−1 to a KCl solution (0.1 M) with pH values ranging from 3–11.
This mixture was agitated for 10 min and then allowed to settle
for over 24 h to achieve equilibrium before the nal pH was
measured. The results were visualized by plotting a graph that
displayed the change in pH against the initial pH values. The
surface morphology of the sample was examined using a Zeiss
EVO eld emission scanning electron microscope operated at
25 kV acceleration voltage and a high-resolution transmission
electron microscope (HRTEM, Jeol Jem F200) operated at 200
kV. An MFP 3D Origin (Asylum Research AFM) atomic force
microscope was used to obtain the 3D topographic image and
surface roughness data of the sample. The measurement was
performed in contact mode with a silicon nitride probe having
a diameter of 10–20 nm. A 1 mm-thick BEC pellet was prepared
before analysis and a scanning rate of 0.5 Hz was applied to
obtain the AFM images. Furthermore, a thermogravimetric
analysis plot was obtained by analyzing samples using a TG
© 2025 The Author(s). Published by the Royal Society of Chemistry
analyzer (NETZSCH, STA 449F5, Jupiter) in an N2 environment
at a heating rate of 10 °C min−1 between 30 and 500 °C as the
organic component present in the derived cellulose decompose
within 500 °C. The BEC and BCS powder X-ray diffraction
patterns were recorded using a Philips-PW 1800 diffractometer
and CuKa radiation with l= 1.54186 Å. The crystallinity index of
the BEC was calculated using the following eqn (1).

Crystallinity indexð%Þ ¼ ðI200 � IamÞ
I200

� 100 (1)

where I200 is the intensity of the crystalline phase and Iam is the
intensity of the amorphous phase.

2.4. Theoretical analysis using density functional theory
(DFT)

DFT calculations were carried out through the ORCA 5.0
program using the hybrid B3LYP/g function with a def2/J basis
set, to optimize the molecular geometry of MG, cellobiose (for
BEC).25 Their ground state geometry and HOMO and LUMO
interactions are drawn by using Avogadro 1.2.0 soware. The
interaction energy between MG and cellobiose (Einter) was
calculated at the same basis set and level of theory through
eqn (2).26

Einter = EMG–cellobiose − (EMG + Ecellobiose) (2)

where EMG–cellobiose, EMG, and Ecellobiose are the total energies of
the MG–cellobiose complex, MG, and cellobiose unit.

2.5. Adsorption activity

2.5.1. Adsorbate preparation. This study investigated the
removal of malachite green (MG) dye. For the preparation of the
RSC Sustainability, 2025, 3, 4583–4597 | 4585
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standard solution, the dye (0.5 g) was dispersed in 1.0 L of
distilled water to prepare a standard solution of MG (500 mg
L−1) (3D image is shown in Fig. 3a). The solution sample was
then diluted based on the initial MG dye concentrations of 20,
40, 60, 80, and 100 mg L−1.

2.5.2. Dye adsorption study. The study examined several
operational factors, including pH (from 2 to 8), dye concentra-
tion (ranging from 20 to 100 mg L−1), contact time (0 to 120
min), and temperature (25 °C to 45 °C). In the batch adsorption
experiment, the adsorbent was introduced into a 100 mL dye
solution with specic pH levels, adjusted using HCl or NaOH.
The mixture was agitated at 290 rpm in a thermostat bath
shaker at ambient temperature (25 °C). Subsequently, the
supernatant of the MG dye solution was collected and centri-
fuged. The dye absorbance was measured using a spectropho-
tometer lmax = 620 nm to determine the initial concentration
and equilibrium of the dyes. The sorption capacity of MG dye
was calculated according to eqn (3).22

qe ¼ ðA0 � AeÞ
M

� V (3)

where qe is the equipoise sorption capability (mg g−1); A0 is the
initial and Ae is the optimum concentrations of dye in the
solution (mg L−1); V is the total volume of the solution (mL) and
M is the weight of adsorbent (g). The amount of dye adsorption
was determined using eqn (4), where spectral analysis was
performed on an Agilent UV-visible spectrophotometer (USA).22

Dye removalð%Þ ¼ ðA0 � AtÞ
A0

� 100 (4)

Under optimized conditions, adsorption kinetics, isotherms,
and regeneration studies were investigated.

2.5.3. Adsorption isotherms. Adsorption capacity calcula-
tions and mechanism identication in adsorption system design
oen rely on isotherm models. In this research, the Langmuir
and Freundlich isotherm models were examined. The linear and
non-linear mathematical equations (eqn (5)–(8)) for these
isotherm models are presented in Tables 2 and S1, respectively.

2.5.4. Adsorption kinetics. A kinetic study was conducted to
investigate the adsorption behaviour of dye onto the extracted
cellulose. The study examined pseudo-rst-order and pseudo-
Fig. 2 (A) FTIR spectra of (a) BEC, (b) BCS, and (c) BEC–MG (after adsor

4586 | RSC Sustainability, 2025, 3, 4583–4597
second-order models to determine the controlling mechanism.
The linear (Table 3, eqn (11) and (12)) and non-linear expressions
of these kinetic models are derived from eqn (13) and (14) (pre-
sented in Fig. S1 and Table S2). Then the dye concentrations were
monitored over time, and the collected data were plotted using
various kinetic models to analyze the adsorption process.

2.5.5. Regeneration and reusability studies. To assess the
potential for reuse of extracted cellulose, the adsorbents
underwent a regeneration process using 70% v/v ethanol. Aer
the adsorption process, the adsorbents were treated with
ethanol solution for 5 minutes. Subsequently, they were rinsed
and dried before being used in the next adsorption cycle. This
process was repeated over ve cycles, with the adsorption effi-
ciency evaluated aer each cycle.
3 Results and discussion
3.1. FTIR analysis

Fig. 2A depicts the FTIR analysis of the BEC and BCS, as well as
BEC–MG interactions. FTIR analysis of the BCS and BEC was
performed to investigate the structural changes that occur in
the material following chemical treatment and to conrm that
the resulting product is pure cellulose. Both exhibited compa-
rable spectra, signifying that chemical methods used to isolate
BEC from BCS did not change their chemical structure. A
prominent band at 3332 cm−1 for BEC is associated with the
stretching vibration of O–H groups. The peak in BEC was
intense and sharper compared to BCS, where it appeared less
intense and broader. This difference is due to the higher crys-
tallinity of BEC, which exhibits well-dened molecular vibra-
tions, leading to sharper and more intense peaks. In contrast,
the amorphous structure of BCS lacked long-range molecular
order, resulting in a broader peak in the FTIR spectra.27 The
characteristic band at 2899 cm−1 is attributed to symmetric C–H
vibrations.28 Intense absorption from adsorbed water was
detected at 1606 cm−1. The wide band at 1683 cm−1, corre-
sponding to the vibrations of the acetyl groups and ester link-
ages in hemicellulose and lignin present in the BCS, appeared
sharper in the case of BEC, clearly indicating the reduction of
hemicellulose and lignin in BEC.29 The wide peak at 1041 cm−1

associated with the C–O–C pyranose ring vibration became
ption) and (B) XRD pattern of (a) BCS, and (b) BEC.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Data interpretation from DFT calculations

Specimen EHOMO (eV) ELUMO (eV) DEGAP (eV)

MG −4.456 −2.585 1.187
Cellobiose −6.628 1.046 7.674

Specimen
Total energy aer
integration (eV)

MG −39 760.81119
Cellobiose −35 317.79224
MG–cellobiose −75 078.62264
Total interaction
energy (eV)

−0.01921
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a sharper and narrower band, indicating the presence of more
cellulose in the case of BEC.30 Moreover, the peak at 663 cm−1

was associated with the C–OH out-of-plane bending mode
found in BEC.28 FTIR spectra also determined the qualitative
changes in cellulose chemical functional groups before and
aer dye adsorption. The cellulose characteristics changed aer
adsorption, as evidenced by the emergence of new spectral
peaks in cellulose. In the MG adsorbed spectrum, –OH
stretching frequency shis from 3332 cm−1 to 3353 cm−1 aer
the sorption process, signifying the coordination of –OH with
MG. This shows that the adsorption occurred through bonding
of the active site of cellulose with the active side of the dye.31
3.2. X-ray diffraction (XRD) analysis

The X-ray diffraction (XRD) analysis for both the natural BCS and
the extracted cellulose are depicted in Fig. 2B. The crystallinity
index was determined using eqn (1) and it was found to be 73.04%
for BEC. The XRD patterns for bothmaterials reveal three peaks at
2q = 16.3°, 22.6°, and 34.8°, which correspond to the 110, 200,
and 004 crystal planes, respectively. However, the peak intensities
of the extracted cellulose were stronger than those of the natural
bamboo culm sheath, which may be attributed to the selective
removal of amorphous lignin and hemicellulose during sodium
chlorite treatment of the bamboo culm sheath. The principal
crystalline peak was observed at 22.6° with an intensity of 100%,
indicating a crystallinity index of 73.04%, which is higher than the
crystalline index of neat bamboo (25.08%).32 The observed higher
crystallinity index of BEC can be attributed to the formation of
hydrogen bonds between the hydroxyl groups and the brillar
surface of the BCS during the sodium chlorite treatment.
3.3. Theoretical analysis

This study uses quantum chemical computations based on
conceptual density functional theory to evaluate the inuence of
Fig. 3 Optimized molecular structure of (a) malachite green, and its (b
cellobiose, and its (e) HOMO and (f) LUMO.

© 2025 The Author(s). Published by the Royal Society of Chemistry
molecular structure on the adsorption process of MG molecules
onto the surface of the adsorbent. The optimized molecular
structures of MG and cellobiose, including their highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molec-
ular orbital (LUMO), are illustrated in Fig. 3. The HOMO and
LUMO orbitals are predominantly located on the MG particle
and the oxygen atoms of the cellulose extracted from bamboo
culm sheath (BCS), indicating that these areas likely serve as
active sites for biosorption.3 The effects ofMG biosorption on the
molecular properties of different components of cellobiose,
along with the values of EHOMO, ELUMO, and DEGAP for both MG
and cellobiose, were assessed, with the results presented in Table
1. Generally, the total energy (ETot) of individual molecules may
determine their stability and reactivity; a higher ETot value indi-
cates a more stable molecule, while a lower ETot value suggests
a greater tendency for adsorption.26 EHOMO generally reects
a molecule's ability to donate electrons, while ELUMO indicates its
capacity to accept electrons, which is related to its electron
affinity. A higher EHOMO value suggests a greater affinity of
) HOMO and (c) LUMO and (d) the optimized molecular structure of

RSC Sustainability, 2025, 3, 4583–4597 | 4587
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electron transfer to an appropriate acceptormolecule, facilitating
the adsorption of MG molecules onto the surface of cellobiose.
Additionally, a smaller DEGAP value indicates higher reactivity,
enhancing the biosorption of MG onto cellobiose (BEC) and
suggesting that the process is more stable.3 Binding energy
calculations further conrm the strong interaction between
cellobiose and MG. The detailed adsorption phenomena of the
dye have been mentioned in Section 3.8.7.
3.4. Thermal stability analysis via thermo-gravimetry

Application of the extracted cellulose for wastewater treatment
requires knowledge of its performance under high-temperature
conditions. This was evaluated using thermo-gravimetric
results (TG and DTG curves) of the raw form of bamboo culm
sheath and its extracted cellulose, as shown in Fig. 4A. In the
temperature range of 222–378 °C, both BEC and BCS show
a gradual thermal transition, basically related to the initial
chain degradation of the cellulose. Also, a sharp loss in weight
(almost 90%) was observed in this phase. The major reason
behind this can be attributed to the pyrolysis of cellulose. The
initial drop in the TG curves, up to 220 °C, represents the
evaporation of excess moisture bound to the material. The
degradation temperature conrms that the extracted cellulose
has higher thermal stability as compared to BCS.33 Additionally,
the DTG curve approves the stability up to 282 °C and 298 °C, for
BCS and BEC respectively, through the prominent peaks, hence
indicating the same.
3.5. Dynamic light scattering (DLS) studies

Fig. 4B presents the Dynamic Light Scattering (DLS) measure-
ments, showing that nearly all the BEC particles exhibit an
average hydrodynamic diameter of 108 nm. This nding
conrms the presence of consistently small particle sizes across
the sample, indicating that BEC is well-dispersed in the nano-
scale range. The uniformity in particle size distribution further
supports the potential for BEC to enhance the surface area for
adsorption.32
Fig. 4 (A) Thermal analysis of BEC and BCS and (B) DLS of BEC.

4588 | RSC Sustainability, 2025, 3, 4583–4597
3.6. Morphological analysis

The surface structures of the samples were examined using
a eld emission scanning electron microscope (FESEM). Fig. 5a
and b displays the external morphology of BCS and BEC,
respectively. BCS exhibited a porous structure,3 while BEC
showed spherical, at-bowl-like formations. These smooth yet
uneven surfaces of BEC likely created spaces for the accumu-
lation of MGmolecules, contributing to their higher adsorption
efficiency in aqueous solutions.34 These facts are further sup-
ported by the FE-SEM image of BEC aer dye adsorption, shown
in Fig. 5c, which shows a roughened surface due to the
adsorption of MG onto the cellulose. The elemental composi-
tion, conrmed by EDAX spectra (Fig. 5d), indicated the pres-
ence of carbon (C) and oxygen (O) in the BEC particles. HRTEM
images (Fig. 5e and f) further demonstrated spherical particles
with sizes ranging from 30 to 40 nm, with both crystalline (CR)
and amorphous (AR) regions coexisting in varying orientations
within the BEC particles.35 The existence of both CR and AR is
also veried from XRD images as shown in Fig. 2B.
3.7. Atomic force microscopy (AFM) analysis

The nano-scale morphology of BEC was additionally conrmed
using AFM and is presented in Fig. 6. The obtained root mean
square surface roughness of the BEC sample was about 90 nm,
which adheres to the ndings of the microscopic analysis con-
ducted before. The AFM images also represent the amorphous
and crystalline areas of the BEC via the shadier and light areas,
respectively. The dominance of the light-colored area marks the
presence of the majorly crystalline nature of BEC. This is also
coherent with the data obtained through the XRD patterns.32

Fig. 6c represents the roughness prole along the horizontal
line drawn from the AFM image of BEC.
3.8. Adsorption studies

3.8.1. Effect of pH. The surface charge of the sorbent, the
disintegration of functional molecules at the sorbent active
sites, and the chemical characteristics of the dye mixture are all
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FE-SEM micrographs of (a) BCS, (b) BEC, (c) BEC after adsorption with MG, and (d) EDAX of BEC with colour mapping of carbon and
oxygen, (e and f) HRTEM images of BEC containing amorphous region (AR) and crystalline region (CR) respectively.
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impacted by the pH of the dye solution.36 Adsorption experi-
ments of MG in the pH range of 2 to 8 were conducted to
ascertain the impact of pH (Fig. 7a). In an aqueous solution, the
protonated form of MG exists at a lower pH (pH# 2.0) while the
chromatic form is prevalent in the pH range of 2 to 8 and the
carbinol form exists at pH > 8.0. As such, the variation of other
parameters was carried out at pH ∼ 6.0, above the pKa value of
MG (pKa ∼ 6.90), to prevent any colour changes resulting from
the structural change of MG. As observed, MG uptake and
removal percentage improved from 15.03 mg g−1 to 36.8 mg g−1
© 2025 The Author(s). Published by the Royal Society of Chemistry
and 37.59% to 92%, respectively, with an increase in the pH
from 2.0 to 6.0. In the case of MG, which exists as a cationic
entity at pH 6.0, forming a negative surface charge on cellulose
at a greater pH promotes stable electrostatic bonding with MG
molecules, resulting in enhanced MG sorption.

The inuence of pH also corroborates the zeta potential
results. From the zeta potential graph, the PZC value was
determined to be at pH 3.8 (Fig. 7b), which suggests that the
BEC composite has a predominance of negative charge on its
surface as the pH of the solution exceeds the PZC value. The
RSC Sustainability, 2025, 3, 4583–4597 | 4589
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Fig. 6 AFM images of BEC (a) 2-D and (b) 3-D, and (c) roughness profile along the horizontal line drawn.

Fig. 7 (a) Effect of pH (adsorbent amount= 0.5 g L−1; MG dye conc.= 20mg L−1; temperature= 25 °C), (b) pHpzc of the BEC adsorbent, (c) effect
of adsorption time, and (d) effect of dye concentration onMG dye removal by the BEC adsorbent (pH= 6; adsorbent amount= 0.5 g L−1; contact
time = 120 min; temp. = 25 °C).
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general ndings elucidate that the surface of the adsorbent
carries a positive charge at pH values below the PZC, while at pH
values above the PZC, it exhibits a negative charge. This prop-
erty of the particles facilitates the removal of cationic dyes like
MG from the solution utilizing the BEC adsorbent.30 The
optimum pH for the removal of MG was found to be at pH 6.0.
Thus, the strong electrostatic force of attraction between the
adsorbent and the dye is responsible for the greater removal
efficacy at higher pH.37,38

3.8.2. Effect of contact time. The ndings illustrated in
Fig. 7c demonstrate the constant interaction between MG dye
sorption behavior and contact time. The proportion of dye
elimination increased as the interaction's temporal duration
4590 | RSC Sustainability, 2025, 3, 4583–4597
was lengthened, and it nally reached equilibrium at 120
minutes. The adsorbent quickly adsorbed more than 70% of the
dye during the rst 60 minutes of contact, indicating an
enhanced adsorption process. This initial rapid elimination
rate can be ascribed to the large surface area that is initially
accessible for the adsorption of dye moieties.36

As the initial concentration rises, the cellulose binding sites
become saturated more quickly due to the increased competi-
tion among dye moieties. This leads to an insufficient number
of active sites on the cellulose surface to accommodate the
adsorbate, resulting in decreased removal efficiency.
Conversely, when the initial dye concentration increases from
20 to 100 mg L−1, it has a positive effect on adsorption capacity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 7d). This occurs because the concentration gradient
between the adsorbents and the aqueous solution increases
with higher dye concentrations, enhancing the diffusion rate
and promoting greater dye adsorption.

3.8.3. Adsorption isotherms. The adsorption isotherm
study can be used to determine and suggest the distribution of
the adsorbate. Isotherm parameters provide key insights into
the adsorption mechanism, surface characteristics of the
adsorbent, and the affinity between the adsorbate and adsor-
bent. The mechanism inuencing the persistence or accessi-
bility of a compound from aquatic porous surfaces or aquatic
habitats to a solidied form at a constant temperature and pH is
described by an adsorption isotherm.39 Freundlich and Lang-
muir isotherm models were used to ascertain the applicability
of adsorption as a technique for removing MG dye from
aqueous solutions utilizing extracted cellulose.

The Langmuir isothermmodel, which is successfully utilized
in many single-layer adsorption processes, presumes that the
sorption occurs at certain homogeneous sites on the
adsorbent.40,41

The linear Langmuir equation can be stated in the form of:

Ce

qe
¼ 1

KL

þ aL

KLCe

(5)

The non-linear Langmuir equation can be stated in the
form of:

qe ¼ QmaxKLCe

ð1þ KLCeÞ (6)
Fig. 8 At pH = 6 and an adsorbent amount of 0.5 g L−1, the graph of (a)
fitting plots for both adsorption isotherms (d) pseudo-first-order kinetics
plot for the kinetics of adsorption (temp. = 25 °C) for 20 mg per L MG d

© 2025 The Author(s). Published by the Royal Society of Chemistry
where qe (mg g−1) and Ce are the optimum quantity of adsorbed
dye and its remnant concentration. The Langmuir parameters
are denoted as aL (L mg−1), while the optimum Langmuir intake
potential is denoted as KL (L g−1).

In the Freundlich adsorption isotherm, heterogeneous
multidimensional adsorption takes place between the adsor-
bate molecules because of the non-uniform energy distribution
on the surface.40,41

The linear Freundlich equation can be stated as follows:

log qe ¼ log KF þ 1

n
log Ce (7)

The non-linear Freundlich equation can be stated as follows:

qe = KFCe
1/n (8)

where KF and n denote the Freundlich coefficients for binding
affinity and absorption ability.

The linear forms of the isotherm model were used to t the
optimal isotherm for the sorption of dyes on the sorbent
molecule. In comparison to the Freundlich isotherm model (R2

$ 0.94), the Langmuir sorption isotherm model (R2 $ 0.99) has
a greater correlation with the experimental data for the cellulose
moiety. The ndings indicated that the adsorption of dye
molecules onto the BEC cellulose surface follows a monolayer
process, with an adsorption capacity reaching 111.11 mg g−1.
The isotherms for MG dye were graphically illustrated, as shown
in Fig. 8a and b (Table 2). This investigation demonstrates
higher monolayer adsorption capacities compared to previously
Langmuir and (b) Freundlich adsorption isotherms of MG. (c) Nonlinear
, (e) pseudo-second-order kinetics of MG dye and (f) non-linear fitting
ye solution.
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Table 2 Adsorption isotherm parameters of the Langmuir and Freundlich models

Dye (MG)

Langmuir isotherm Freundlich isotherm

Qmax (mg g−1) KL (L mg−1) R2 1/n KF (L mg−1) R2

111.111 2.83 0.998 0.2707 0.2788 0.95
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reported biosorbents. Examples include chitin from shrimp
shell (malachite green: 38.21 mg g−1),42 neem sawdust (Azadir-
achta indica) (malachite green: 4.354 mg g−1),43 pineapple crown
leaf (methyl violet: 31.24 mg g−1)44 and princess tree leaf (Basic
Red 46: 43.10 mg g−1).45

To evaluate the best-tting model for adsorption in
nonlinear regression analysis of the adsorption isotherm, the
chi-square (X2) and Sum of Squared Error (SSE) values were
computed. These values were estimated using the formulae
provided below.

X 2 ¼
�
qe;exp � qe;cal

�2

qe;cal
(9)

X 2 ¼
�
qe;exp � qe;cal

�2

qe;exp2
(10)

Here, qe,cal signies the equilibrium dye uptake quantity,
expressed in mg g−1, as determined from the nonlinear plot.
Conversely, qe,exp represents the equilibrium dye uptake
amount obtained from experimental values. For the adsorption
isotherm, the nonlinear regression analysis involved plotting qe
against Ce, as depicted in Fig. 8c. The Langmuir adsorption
isotherm demonstrated a superior t to the adsorption data,
evidenced by its comparatively lower X2 and SSE values
(presented in Table S1).

3.8.4. Adsorption kinetics. The efficacy of the sorption
process can be characterized by the sorption kinetics, which
establishes the rate at which the sorbate is adsorbed on the
surface of the sorbent moiety. The pseudo-rst-order and
pseudo-second-order kinetic models were used to assess the
kinetics of MG sorption on the sorbent molecule. All the
kinetics models stated above are expressed in linear form as
follows:46

ln(qe − qt) = ln qe − k1t (11)
Table 3 The determined parameters of pseudo-first-order and pseudo
concentrations by BEC

MG (mg L−1) qe,exp (mg g−1)

Pseudo rst-order

K1 qe,exp (mg g

20 37.12 0.034 41.51
40 66.15 0.033 71.94
60 85.48 0.031 93.45
80 92.01 0.028 100.58
100 96.86 0.027 105.95

4592 | RSC Sustainability, 2025, 3, 4583–4597
t

qt
¼ 1

k2qe2
þ 1

qe
t (12)

The non-linear form of the kinetic models is expressed as
follows:

qt = qe(1 − e−k1t) (13)

qt ¼ qe
2k2t

1þ k2qet
(14)

The rate coefficients for the respective kinetic models, are
designated by k1 in min, and k2 in g mg−1 min−1. The quantity
of dye sorbed per unit mass of cellulose is denoted by qe and qt
(mg g−1), respectively, at equilibrium and time t. C (mg g−1) is
the boundary thickness constant at time t. All the variables
stated above are evaluated and provided in Table 3.

In the case of MG dye, the pseudo-second-order kinetic
model's R2 value is subpar (Fig. 8b). Additionally, there was
a sizable difference in the residual sorption capacity (qe)
between the calculations and the experiment (Table 3), indi-
cating that the second-order kinetics model experiment data
were not suited well. The pseudo-rst-order kinetics revealed
that the kinetics data linearly t with the sorption process,
having R2 > 0.99 for all initial MG dye concentrations. Since the
results conrm that the sorption rates follow pseudo-rst-order
kinetics, the estimated qe values for pseudo-rst-order kinetics
closely resemble those for MG (Fig. 8a).

The calculated qe values increased as the initial amount of
dye increased, and the rate constants shied signicantly,
suggesting chemisorption, or the transfer and exchange of
electrons between the absorbent and the substrate. At lower
concentrations, there is less competition for sorption interface
sites; hence the values of the rate constant k drop with the rise
in the original dye concentration. Since there will be more
competition for the interface-active sites at higher concentra-
tions, lower adsorption rates will be observed.
-second-order kinetic models for the adsorption of MG at different

Pseudo second-order

−1) R2 K2 qe,exp (mg g−1) R2

0.99 0.012 50.00 0.93
0.99 0.009 72.82 0.91
0.99 0.006 95.10 0.91
0.99 0.005 106.38 0.89
0.99 0.004 107.52 0.85

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The aforementioned results also support the ndings ob-
tained from the non-linear regression analysis. To determine
the kinetic model with the best t, the X2 and SSE values were
calculated using eqn (7) and (8) and are presented in Table S2.
The data indicate that the pseudo-rst-order kinetic model
provides the best t, which is further evidenced by its lower X2

and SSE values (Fig. 8f).
The mechanism and behaviour of adsorption are inuenced

by surface heterogeneity and interaction energy, while DFT
simulations offer atomic-level insights into the energetics of
adsorbate–surface interactions. The ndings from the adsorp-
tion isotherm and kinetics model align with the DFT analysis.
In the DFT analysis, a smaller DEGAP value and strong binding
energy suggest higher reactivity and a robust interaction
between cellobiose and MG. The strong binding energy
observed in the DFT analysis indicates a combination of phys-
isorption and chemisorption interactions, which is consistent
with the Langmuir isotherm and pseudo-rst-order kinetics.

3.8.5. Thermodynamic parameter. Temperature is a crucial
factor in the adsorption process. To assess its impact, batch
adsorption experiments were performed at various tempera-
tures (25, 35, and 45 °C) with an initial MG dye concentration of
20 ppm. The graph illustrates that as the temperature increases,
the adsorption of MG dye also increases, indicating that the
process is endothermic (Fig. S2a). This increase in the adsor-
bent's adsorption capacity is due to the higher energy available
for interaction with dyes and the improved mobility of dye
molecules.

The change in enthalpy (DH°) and entropy (DS°) in the
adsorption process was calculated using the Van't Hoff equa-
tion (eqn (15)). The values of DH° and DS° were obtained from
the slope and intercept of ln KC vs. (1/T) (Fig. S2b).41

ln KC ¼ �DH
�

RT
þ DS

�

R
(15)

KC ¼ qe

Ce

(16)

Here, KC denotes the equilibrium constant, qe (mg g−1) and Ce

(mg L−1) signify the adsorbed dye quantity and the conc. of dye
solution at equilibrium, T denotes the absolute temperature (K),
and R is the universal gas constant. The negative DG° values
decreased from −7.30 kJ mol−1 to −11.04 kJ mol−1 as the
Fig. 9 (a) Recyclability and (b) XRD assessment of the adsorbent for the

© 2025 The Author(s). Published by the Royal Society of Chemistry
temperature increased from 298 K to 318 K, indicating that the
adsorption process was feasible, spontaneous, and more
favourable at elevated temperatures. Additionally, the DG°
values of 0 and −20 kJ mol−1 suggest that the adsorption is
a physisorption process.47 The positive DH° value conrms the
endothermic nature of the adsorption process, while the posi-
tive DS° value indicates an increase in randomness at the
cellulose–MG interface (Table S3). Moreover, the positive DH°
value suggested that the adsorption of MG by BEC was primarily
driven by a chemisorption process. Therefore, based on the DG°
and DH° values, it is likely that the adsorption of MG dye onto
the BEC moiety involves both physisorption and chemisorption
processes.47,48

3.8.6. Desorption and regeneration. The key to using
adsorbents multiple times without a decline in adsorption
capacity is recovery and regeneration. In Fig. 9a, the results of
adsorption–desorption up to the fourth cycle are represented.
As illustrated in the gure, there was an 8–10% reduction in MG
adsorption in the fourth cycle, conrming the recyclable nature
of cellulose and that the majority of adsorption occurs through
chemisorption. This decline in adsorption percentage can
primarily be attributed to the negligible loss of cellulose and
retention of some adsorbed moieties on the cellulose surface.
The results align with the FTIR spectra of MG adsorbed onto
cellulose (Fig. 2A(c)). Peaks observed in the ngerprint region
between 400 and 800 cm−1 are indicative of the mono and para-
substituted benzene ring of the MG dye. This is further
corroborated by the peak at 1595 cm−1, which signies the C–C
stretching of the benzene ring in the MG dye.31 The adsorption
of the MG moiety on the cellulose surface leads to a decrease in
adsorption efficiency aer multiple cycles. Furthermore, the
XRD pattern of the bare and adsorbed samples displayed no
signicant variations in the diffraction pattern, indicating the
stability of the adsorbent, as shown in Fig. 9b.

3.8.7. Comparative assessment. The BEC adsorbent
demonstrated superior and practical adsorption capabilities
compared to traditional adsorbents like chitin, chitosan, and
activated carbon composites. Although chitin and chitosan
composites are biodegradable and effective at removing
pollutants from wastewater, they need chemical modications
to improve their mechanical stability and adsorption effi-
ciency.42,50 Activated carbon is still considered the standard for
adsorption of malachite green.
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Fig. 10 Plausible adsorption mechanism of MG dye onto the BEC adsorbent.
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high adsorption capacity due to its extensive surface area and
porosity, but its high production costs and non-renewable
nature hinder its sustainability.20 In contrast, BCS cellulose
showed similar adsorption efficiency while providing clear
benets in terms of renewability, cost-effectiveness, and envi-
ronmental friendliness. Additionally, BCS cellulose maintained
consistent performance across various pH levels and preserved
its adsorption capacity aer several regeneration cycles,
underscoring its potential for practical applications. This study
lls a signicant gap in existing research by systematically
evaluating a low-cost, sustainable, and regenerable adsorbent.
By addressing the common performance-efficiency gap in bio-
based materials, this work supports the development of next-
generation green adsorbents designed for scalable water puri-
cation systems. Table S4 provides an overview of the sorption
capacities of various sorbents under comparable experimental
conditions.40,42,49–54

3.8.8. Plausible adsorption mechanism. A potential
adsorption mechanism offers insights into the fundamental
interactions and processes that govern this phenomenon
(Fig. 10). The process involves the attachment of dye molecules
to the surfaces of cellulose-based adsorbents, effectively
extracting the dye from the solution. Experimental results
indicate that MG dye removal was more efficient under alkaline
conditions (solution pH > pHpzc), highlighting the signicance
of electrostatic attraction in this process. The presence of
additional peaks in FTIR analysis post-adsorption (Fig. 2A)
further supports the role of electrostatic forces between
pollutants and adsorbents. The bamboo culm sheath contains
an ample amount of –OH groups, and aer the MG adsorption,
the transition of the –OH peak and the shiing of the functional
groups in the FTIR spectra also provide evidence of hydrogen
bonding and p–p interactions in the adsorption process.3,16 In
addition, the potential for hydrogen bonding between the
hydroxyl group of the cellulose structure and the nitrogen atom
in the MG molecule offers a plausible explanation for the
observed greater adsorption affinity. The small DEGAP value
obtained from DFT analysis further supports this, as it indicates
4594 | RSC Sustainability, 2025, 3, 4583–4597
strong adsorption energies and stable interactions between the
–OH groups and the aminemoieties of MG. Notably, substantial
MG adsorption occurred at high pH levels, suggesting that p–p
interactions and hydrogen bonding may also play crucial roles
alongside electrostatic interactions.16 The nanostructure of the
extracted cellulose component provides an extensive surface
area for the physical adsorption of dye molecules. Adsorption
isotherm and kinetics studies lend additional support to the
proposed adsorption mechanism.
4 Conclusion

The study discovered that the cellulose extracted from BCS is an
efficient and sustainable adsorbent for the removal of MG from
aqueous solutions. Structural characterization using SEM
conrmed the unique spherical, at bowl-like morphology of
BCS cellulose, while FTIR and DFT analyses identied func-
tional groups that facilitated dye adsorption. The adsorption
efficiency of BCS cellulose reached 92.8%, demonstrating rapid
adsorption with minimal adsorbent usage. Isotherm modeling
indicated that the Langmuir model (111.11 mg g−1) provided
the best t, suggesting monolayer adsorption as the dominant
mechanism. Additionally, kinetic studies conrmed that the
pseudo-rst-order model best described the adsorption process
across all concentrations. These results establish BCS cellulose
as a cost-effective and environmentally benign material for MG
dye removal in wastewater treatment. Future studies should
investigate its applicability for the removal of other pollutants
and assess its feasibility for large-scale industrial applications.
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