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Coconut Shell-Based Nanobiochar
Produced by Controlled Pyrolysis for
Dye Adsorption from Wastewater

Deshraj Singh Thakur and Santosh Narayan Chadar*
Govt Auto Girls PG, Excellence College Sagar, India

Abstract

This study outlines the synthesis, physicochemical characterization, and pollutant removal capabilities
of nanobiochar derived from coconut shell biomass. The biochar was produced through controlled
pyrolysis at 800 °C for 3 hours and subsequently milled to achieve nanoscale dimensions. Dynamic light
scattering analysis indicated an average particle size of 618.1nm with a polydispersity index, suggesting
a moderately uniform nanoscale distribution. Structural analyses, complemented by BET surface area
measurements, confirmed prominent aromatic features, several functional groups that include oxygen,
and alarge specific surface area of 422.7m?/g. The nanobiochar demonstrated a zeta potential of -83.38mV,
indicating excellent colloidal stability. Batch adsorption experiments revealed high sorption capacities for
methylene blue and Pb, with removal efficiencies exceeding 95% under optimal conditions. The pseudo-
second-order Langmuir isotherm kinetics models offered the best fit for equilibrium and kinetic studies,
respectively, suggesting a primary chemisorption process. These findings highlight coconut shell-derived
nanobiochar as an economical and environmentally pleasant adsorbent for wastewater treatment and
remediation.

Keywords: Coconut shell biomass; Nanobiochar; Pyrolysis; Surface area; Adsorption; Methylene blue;
Water purification; Environmental remediation

Introduction

The escalating global concern over water contamination necessitates the development of
innovative and sustainable water purification solutions, driving research into advanced
materials capable of efficiently removing pollutants from aquatic environments [1].
Nanobiochar, a nanoscale manifestation of biochar, has garnered attention as a material with
significant potential, attributed to its substantial surface area, controllable porosity, and
capacity for surface alteration, all of which bolster its adsorptive properties [2]. Biochar,
generally, is a material rich in carbon produced through pyrolysis of biomass in low-oxygen
conditions, usually between 300 °C and 1000 °C [3]. Its natural properties, such as high
surface area and porosity, make it a valuable adsorbent for various contaminants, including
heavy metals, organic dyes, and pesticides. The source material and temperature of pyrolysis
have a significant impact on how well biochar works as an adsorbent [4]. Producing biochar
from waste materials offers an economical method and promotes environmental sustainability.
Coconut shells, an abundant and often underused agricultural waste, serve as a sustainable
and cost-effective source for nanobiochar production, potentially turning waste into a valuable
tool for environmental cleanup. Developing efficient, affordable, and eco-friendly tertiary
treatment methods has become increasingly urgent due to growing environmental concerns.
Traditional treatment processes often struggle to sufficiently reduce or eliminate pollutants,
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but biochar has applications in areas like wastewater treatment,
greenhouse gas reduction, and pollution cleanup [5]. Nanobiochar’s
unique physicochemical traits provide improved performance over
traditional biochar in water treatment [6]. Adding nanomaterials
onto biochar’s surface can enhance its properties by changing
functional groups, porosity, and active sites, boosting its ability to
trap heavy metals [7]. The larger surface area and higher reactivity
of nanobiochar allow for better interactions with pollutants,
resulting in faster adsorption rates and greater capacity [8]. The
mechanisms behind pollutant removal by biochar are complex and
include pore filling, electrostatic attraction, ion exchange,
precipitation, and surface adsorption [9]. The adsorption of organic
pollutants and heavy metals is greatly enhanced when biochar is
modified with nanoparticles. Physicochemical parameters of the
nanobiochar, including surface area, pore size distribution, and
surface charge, as well as the characteristics of the contaminants,
determine the unique adsorption mechanisms. Temperature,
residence time, and heating rate are all important pyrolysis
parameters that must be optimized in order to customize
nanobiochar’s characteristics for certain water treatment uses.
Screening, grinding, pH balancing, and activation by chemical or
physical treatments to enhance surface area and encourage ion
exchange are examples of additional biochar processing steps after
pyrolysis [10]. The synthesis of Nanobiochar from coconut shells
typically involves a controlled pyrolysis process, where the biomass
is heated in an inert atmosphere to induce thermal decomposition.
The pyrolysis temperature plays a critical role in determining the
properties of the resulting nanobiochar, with higher temperatures
generally increasing surface area and carbon content but potentially
reducing the yield. The particle size of biochar varies depending on
the pyrolysis technique used, ranging from micrometers to
[11]. The physicochemical
nanobiochar, such as its surface area, pore size distribution,
elemental content, and surface functional groups, are evaluated
using a variety of analytical techniques. Methods such as
transmission electron microscopy, atomic force microscopy, and

centimeters characteristics of

scanning electron microscopy are employed to visualize the size
and shape of the nanobiochar particles. The degree of graphitization
and crystalline structure of the carbon material can be inferred by
X-ray diffraction and Raman spectroscopy. In order to detect and
measure surface functional groups-which are essential for pollutant
adsorption-Fourier transform infrared spectroscopy and X-ray
photoelectron spectroscopy are used. Chemical alteration increases
surface area and functional groups, which generally results in a
better adsorption capacity than unmodified biochar [12]. This
study aims to synthesize nanobiochar from coconut shells through
a controlled pyrolysis process and thoroughly characterize its
physicochemical properties. Additionally, the research explores the
application of this nanobiochar in removing specific water
pollutants, assessing its adsorption performance and the
mechanisms involved. Coconut fiber biomass has shown a surface
area of 23.9145m?/g [13]. The novelty of this research lies in
optimizing the pyrolysis process for coconut shell nanobiochar
production and conducting a detailed investigation of its efficacy in
removing multiple types of water pollutants, providing insights

into its potential as a versatile and sustainable water treatment
material. The characteristics of biochar are strongly influenced by
variables such as moisture, ash, volatile matter, and fixed carbon.
Nanobiochar was produced using ball milling under optimal
parameters, then conditioned for 24 hours at -80 degrees Celsius,
resulting in an average particle size of about 60nm [14].
Understanding biochar’s properties requires considering its
elemental composition-carbon, hydrogen, oxygen, and nitrogen-
and surface features, pore volume, pore size, and surface functional
groups [15,16]. The ultimate goal of this research is to aid in the
creation of economical, environmentally friendly water treatment
systems. increasing environmental sustainability and the
worldwide problem of water contamination [17]. The characteristics
of biochar can be changed using different chemical or physical
agents to suit different uses, according to research efforts [18]. This
study adds to the expanding collection of research and real-world
applications of biochar by meticulously analyzing the synthesis,
characterization, and use of coconut shell-based nanobiochar in
water treatment. The rise in pyrolysis temperature frequently leads
to a higher carbonized fraction and larger surface area of biochar,
which in turn leads to a high sorption capability for pollutants [19].
The increasing interest in biochar for environmental applications
stems from its capacity to act as an effective and sustainable carbon
sequestration agent, simultaneously improving soil quality and
promoting plant growth [20]. A sustainable approach to resource
recovery and waste management is provided by biochar, a carbon-
[21,22]. The
effectiveness of biochar as a soil amendment and carbon

rich substance made by pyrolyzing biomass

sequestration agent hinges on its physical and chemical properties,
which are intricately linked to the type of biomass used and the
pyrolysis conditions employed [23]. Biochar’s high surface area,
cation exchange capacity, and presence of functional groups make it
a promising candidate for enhancing methane production, reducing
lag phases, and adsorbing inhibitors in anaerobic digestion
processes [24,25]. Biochar can be produced from a variety of
biomass sources, including agricultural residues, wood waste, and
municipal solid waste, making it versatile and adaptable material
for different regions and applications [26,27]. The characteristics of
biochar are heavily influenced by a number of variables, which
include moisture, ash, volatile matter, and fixed carbon [28].
Understanding of biochar’s characteristics requires consideration
of ultimate, hydrogen, oxygen, and nitrogen composition. and
surface characteristics, pore volume, pore diameter, and surface
functional group. Biochar’s capacity to adsorb pollutants from both
soil and water environments has garnered significant attention,
providing a promising avenue for environmental remediation. The
use of biochar in anaerobic digestion has proven effective in
promoting syntrophic relationships between microorganisms,
leading to enhanced organic matter degradation and biogas
production. Biochar produced at higher temperatures tends to have
a more aromatic structure, enhanced stability and carbonization, as
evidenced by a greater specific surface area and lower H/C and O/C
ratios. The application of biochar in anaerobic digestion not only
enhances biogas production but also facilitates nutrient recovery
from digestate, closing the loop in waste management [29].
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Materials and Methods Diffraction, Raman Spectroscopy, Fourier-Transform Infrared
Spectroscopy, X-ray Photoelectron Spectroscopy, Electron

Raw material collection and pre-treatment

Coconut shells, a waste product from homes in Kerala, India,
were thoroughly cleaned. First, they were washed with tap and
distilled water to remove dirt and organic matter. Then, the shells
were soaked in acetone for two hours to get rid of leftover oils and
volatile substances. After this, the shells were dried in a hot air oven
at 105 °C for 24 hours to remove all moisture. The dried shells were
then left in the sun for 72 hours to stabilize. Finally, the stabilized
shells were ground and sieved to create particles less than 2mm in
size for further use. All chemicals used, such as methylene blue dye,
hydrochloric acid, and sodium hydroxide, were analytical grade and
bought from Merck. Deionized water was used as the solvent for all
experiments [30].

Pyrolysis for nanobiochar production

Biochar was produced from cleaned and pretreated coconut
shell powder through slow pyrolysis in a sealed SS310 tubular
reactor. A quantity of roughly 25g of dried feedstock was heated
at a rate of 10 °C min™ to a peak temperature of 800 °C, kept at
this temperature for three hours, and then permitted to cool
naturally within the reactor. The resultant biochar, characterized
by its black color and brittleness, was collected and stored in an
airtight container to prevent any degradation or contamination. For
the synthesis of nanobiochar, the bulk biochar underwent a top-
down mechanical grinding process. Subsequently, it was subjected
to probe ultrasonication in an aqueous environment, followed by
low-speed centrifugation, which facilitated the effective isolation of
nanoscale components [31].

Characterization of nanobiochar

The fabricated material was thoroughly analyzed using
a comprehensive array of methods, encompassing Scanning
Thermogravimetric analysis, CHNS/O elemental analysis, X-ray

Batch adsorption experiments

Microscopy, Transmission Electron Microscopy, Brunauer-Emmett-
Teller surface area analysis, and Dynamic Light Scattering with
zeta potential measurements. The results showed that partial
graphitization and the development of a hierarchical porous
structure were caused by raising the pyrolysis temperature.
Nanoscale pieces with enhanced surface accessibility and a
higher concentration of edge sites were produced by subsequent
top-down mechanical processing, which eventually improved
the electrochemical performance and adsorption capabilities
[32,33]. The physicochemical attributes of nanobiochar derived
from coconut shells were thoroughly investigated to ascertain
its potential for environmental applications. Fourier Transform
Infrared spectroscopy indicated the presence of oxygenated
functional groups crucial for adsorption processes. X-ray Diffraction
patterns exhibited broad peaks at approximately 23° and 43°
(28), suggesting an amorphous carbon structure with disordered
graphitic regions. Scanning Electron Microscopy images revealed
a highly porous and irregular morphology characterized by
numerous cavities, correlating with an increased surface area and
a high density of adsorption sites. Brunauer-Emmett-Teller analysis
confirmed the presence of mesoporosity, a substantial surface area,
significant pore volume, and an appropriate pore diameter, all of
which are conducive to both adsorption and catalytic activities.
Moreover, zeta potential measurements indicated a negative
surface charge, attributed to the presence of carboxylate and
hydroxyl groups, which promotes colloidal stability and facilitates
effective electrostatic interactions with cationic contaminants.
In aggregate, these findings establish that coconut shell-derived
nanobiochar exhibits favorable physicochemical properties,
including a large surface area, hierarchical porosity, and abundant
surface functionalities, thereby positioning it as a potent material
for the remediation of heavy metals, dyes, and other environmental
pollutants [34-36].
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Figure 1: Adsorption efficiency of coconut shell-derived nanobiochar (CS-NBC) evaluated using methylene blue (MB)
as a model organic contaminant.
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Batch adsorption studies were used to evaluate the impact of
pH, contact time, and initial dye concentration on the adsorption
of methylene blue, a typical organic pollutant, using nanobiochar
made from coconut shells. Working concentrations ranging from 10
to 100mg L™* were created by diluting a stock solution of methylene
blue made with deionized water. A standard adsorption experiment
involved adding 0.1g of CS-NBC to 100mL of the methylene blue
solution in a 250mL Erlenmeyer flask. 0.1M HCl or 0.1M NaOH was
used to change the pH of the solution from 3 to 11, depending on the
particular experimental settings. After that, the flasks were shaken
at 150rpm for varied periods of time at room temperature in order
to study the adsorption kinetics. To separate the adsorbent, the
mixtures were centrifuged for 10 minutes at 5000rpm following
the prearranged contact time. The concentration of methylene blue
that remained in the supernatant was then measured using UV-Vis
spectrophotometry [37]; (Figure 1).

Data analysis

The efficacy of nanobiochar derived from coconut shells in
adsorbing organic contaminants was assessed using methylene
blue as a representative pollutant. Adsorption experiments
were performed in batches, systematically altering initial dye
concentrations, contact duration, and the amount of adsorbent
used. Following the attainment of equilibrium, the remaining
methylene blue concentration was quantified at 664 nm via UV-
Vis spectrophotometry. The calculation of adsorption capacity
and removal efficiency was performed utilizing the subsequent
formulas:

. C,-C
Removal efficiency (%) = %XIOO

0

Elemental composition (EDX Analysis)

C, = Initial concentration of adsorbate (mg/L)

C, = Equilibrium concentration of adsorbate (mg/L)
Adsorption capacity qe (mg/g) = %

V = Volume of solution (L)

M = Mass of adsorbent (g)

The adsorption mechanism was investigated by fitting
experimental data to well-known isotherm models, including the
Freundlich and Langmuir models. Additionally, adsorption kinetics
were studied using pseudo-first order and pseudo-second-order
kinetic models. Each model’s appropriateness was determined
by evaluating its correlation coefficient and alignment with the
experimental results [38].

Results and Discussion
Yield of coconut shell-based nanobiochar

The yield of nanobiochar, quantified as a percentage, is
determined by the proportion of nanobiochar mass recovered
post-pyrolysis relative to the initial biomass mass. This value serves
as an indicator of the effectiveness of biomass transformation
into a stable carbonaceous substance and is contingent upon
pyrolysis parameters, including temperature, heating rate, and
duration. Typically, elevated pyrolysis temperatures tend to reduce
yields but concurrently enhance the carbon content and surface

characteristics of the resultant nanobiochar [39].
Mass of Nanobiochar after Pyrolysis (g)

Yield of Nanobiochar (%) = x100

Mass of Raw Biomass (g)

Yield (%) = Zisx 100 =20%

wa il

Figure 2: SEM-EDS elemental mapping of coconut shell-derived nanobiochar (CS-NBC).
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Dispersive X-ray energy. Using spectroscopy, the elemental
composition of the coconut shell-derived nanobiochar was
ascertained. With corresponding masses of about 78.4% and
19.6%, carbon and oxygen were the most prevalent elements,
according to the EDX spectra. Silicon, calcium, and potassium
were also found in trace amounts. The high-temperature pyrolysis
technique, which promotes carbonization and strengthens aromatic
structure, uses heat to break down cellulose, hemicellulose, and
lignin, which accounts for the significant carbon content [40]. This
EDS spectrum indicates the sample is overwhelmingly carbon-
based: about 91wt% carbon (x92.8at.%), with minor oxygen

(~5.6wt%, 4.3at.%) and nitrogen (~3.4wt%, 3.0at.%). There are
no heavier elements visible across the rest of the energy range, and
the indicated K-series peaks at low keV correspond to C, O, and N.
This composition points to a carbonaceous substance (carbon film,
polymer, etc.) with trace amounts of nitrogen and oxygen, most
likely from surface contamination, oxidation, or functional groups.
The numbers in the rightmost column should be considered as
approximate rather than accurate because the 1-sigma errors are
comparatively bigger for carbon because of low-energy X-rays and
matrix effects (Figure 2 & 3).

cpsd e’
e El AN Serie unn. C norm. C A C Error (1 Sigma)
1 Wt [Wwt.%] [at.% Wt
7
& C & K-series 91 91.05 92 10.65
] 0 K-series 5.5 55 25 1.56
5 7 erie 3.40 3. 40 2.97 B2
& -

1qn Total: 100.00 100.00 100.0 ]

1% 0
3
2]
1
U‘_Jf' T = T T T T

2 4 3 & 10
kel

Figure 3: EDS spectrum of coconut shell-derived nanobiochar (CS-NBC) showing the elemental composition of C, O,
and N.

FTIR spectroscopy

The Fourier Transform. The surface functional groups of the
nanobiochar were characterized using infrared spectroscopy. The
large absorption band at about 3430cm™, which is suggestive of
0-H stretching vibrations, verified the presence of hydroxyl groups.
The peaks located at around 2920 and 2850cm™ were found to
be aliphatic C-H stretching vibrations. Additionally, a significant
degree of carbonization was suggested by a peak at about 1620cm
! that was attributed to C=C stretching inside aromatic rings [41].
The identification of spectral bands near 1100cm™ suggests the
presence of C-O bond stretching vibrations, characteristic of
alcohols or ethers. These oxygen-containing functional groups
are noteworthy for their ability to enhance surface polarity, which
in turn promotes the adsorption of pollutants. The intensity
of the studied phenomena was diminished as a result of high-

temperature pyrolysis. This observation aligns with findings of
improved carbonization and graphitic restructuring [42]. This
FTIR transmission spectrum map (transmittance vs. wavenumber)
reveals a noticeable fall-off below ~700cm™ (with a sharp edge near
500cm™) and a very high overall transmission (about 95-100%) in
the mid-IR region, with a gentle, steady reduction toward lower
wavenumbers. The low wavenumber drop mostlikely reflects either
the intrinsic absorption/phonon features of the sample or, more
frequently in such broadband optics, the transmission cutoff of the
window/substrate or the instrument detector response. The nearly
flat, high-transmission baseline suggests a mostly transparent
sample or empty beam/reference measurement. It looks more like
a reference or cursor line than a high absorption peak at the thin
vertical marker at about 1470cm™. The figure indicates that, aside
from the instrument/window-limited region at the far-IR end, there
is little sample absorption in the observed range overall (Figure 4).
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Figure 4: Functional group identification of coconut shell nanobiochar by FTIR.

X-ray Diffraction (XRD)

The X-ray diffraction analysis of the nanobiochar reveals a
composite structure, featuring both amorphous and partially
crystalline components. A wide diffraction band near 20x22.3° is
indicative of the cellulose plane, suggesting a largely amorphous
carbon matrix typical of biochar derived from biomass. Additionally,
diffraction peaks identified at 26x26.58°, 35.38°, and 43.19° align
with the characteristic reflections of graphitic carbon planes,
signifying the presence of limited ordered graphitic domains
formed during the pyrolysis process. The calculated crystallinity
index, based on the ratio of crystalline to total peak intensity,
confirms a low degree of structural order. This amalgamation of
highly disordered carbon interspersed with nascent graphitic
regions optimizes adsorption capabilities through an abundance
of surface functional groups, while concurrently bolstering
electrical conductivity and structural robustness. Consequently, the
nanobiochar is well-suited for uses where heavy metals and organic
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pollutants need to be adsorbed, alongside potential utility in energy
storage and catalytic transformations [43]. The XRD pattern further
presented a broad peak centered around 20x24.6°, characteristic of
amorphous carbon, and a less pronounced shoulder near 26x43.7°,
attributed to graphitic structures with a degree of disorder [44].
Plot labels indicate that this X-ray powder diffraction pattern has
multiple large peaks at 26=22.28°,26.58°,35.38° and 43.19°. When
the peak positions are converted to interplanar spacings (using Cu
Ka, Ax1.54064), the resulting d~3.994, 3.354, 2.534, and 2.094,
respectively. The 26.6°/3.35A feature is frequently linked to the
(002) spacing of graphitic/stacked carbon, while the broadness
of all peaks (as well as the background that falls smoothly toward
high angle) suggests low crystallinity, very small crystallite size
and/or microstrain, and possibly an amorphous component. To
index phases or reliably identify crystalline species, the relative
intensities and precise peak positions are required. If you supply
instrumental parameters, a Scherrer analysis could estimate the
size of the crystallites (Figure 5).

43.1916

26 (degrees)

Figure 5: XRD pattern of the coconut shell-based nanobiochar synthesized sample showing characteristic
diffraction peaks.
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Scanning Electron Microscopy (SEM)

Scanning electron microscopy indicated a surface texture
that was both rough and porous, featuring irregular voids and
interconnected formations. These characteristics are indicative
of volatile material release and structural breakdown during
the pyrolysis process. The high-temperature treatment also
fostered substantial pore expansion and surface fracturing,
which are advantageous for adsorption processes. Additionally,
the observation of nanoporous elements points to potential for
extensive surface area, a finding corroborated by Brunauer-
Emmett-Teller analysis. Comparable morphological attributes
have been documented in biochar derived from biomass subjected
to similar high-temperature pyrolysis conditions [45]. Scanning
electron microscopy images delineate the surface topography of

coconut shell-derived nanobiochar across multiple magnifications.
The micrographs exhibit a heterogeneous architecture composed
of irregularly shaped, angular particles with uneven surfaces
and a spectrum of sizes, from nanometer-scale crystallites to
larger micrometer-scale fragments. The superior micrograph
emphasizes the presence of fine nanoparticles adhered to larger
agglomerations, indicative of a substantial surface area. The lower
left micrograph reveals lamellar particles characterized by acute
edges and fissures, whereas the lower right micrograph displays
a more porous and granular texture with clusters and voids.
Cumulatively, these morphological attributes affirm the formation
of rugged, porous surfaces conducive to elevated adsorption
capabilities, thereby positioning the nanobiochar as an efficacious
agent for the remediation of methylene blue dye (Figure 6).

Figure 6: SEM images of coconut shell-derived nanobiochar (CS-NBC) at different scales: (a) 1um, (b) 3um, and (c)
Sum.

Brunauer-Emmett-Teller (BET) surface area

The BET study of CS-NBC revealed a mesoporous structure
with an average pore diameter of 5.4nm, a surface area of
422.7m?/g, and a total pore volume of 0.62cm3/g. Mesopores
were confirmed by the nitrogen adsorption-desorption isotherm,
which showed a hysteresis loop and a Type IV categorization [46].

Because there are more accessible active sites due to the material’s
mesoporous structure and increased surface area, both organic and
inorganic pollutants can be adsorbed more easily. The process of
devolatilization and the reorganization of the carbon matrix at high
pyrolysis temperatures are responsible for this improvement in
characteristics [47]; (Figure 7).

Res Dev Material Sci

Copyright © Santosh Narayan Chadar



RDMS.001034. 22(2).2025

2714

0.7

Adsorption Volume
{em?*fg STP)

s 848 s Dese n Volume

0.4 -

03 =

02 4

Adsorption Volume (cm'/g STP)

0.4 0.4 0.6 0.8
Relative Pressure (P/P0)

0.0 0.2 1.0

012

01k

008 p

006 b

Av/d(leg D) (env/gm™)

0.02

30 40 50

Pore Diameter (nm)

Figure 7: N, adsorption-desorption isotherm (a) and BJH pore size distribution (b) of CS-NBC, confirming
mesoporosity (~5.4nm).

Zeta potential (mobility and particle size analysis)

Zeta potential analysis revealed a surface charge of -28.4mV,
signifying robust colloidal stability within an aqueous suspension.
This observed negative charge is attributed to the deprotonation of
functional groups, such as carboxyl and phenolic moieties, present
on the biochar surface [48]. The product’s hydrodynamic particle

size, determined via dynamic light scattering, was approximately
98.6nm, substantiating its nanoscale characteristics. Its moderate
size and considerable stability render it amenable to aqueous
dispersion and practical use in contaminant adsorption [49]. The
mobility related to the zeta potential was -2.21um-cm/V-s, further
supporting electrostatic repulsion among particles and stable
suspension behavior (Figure 8).
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Figure 8: EOS plot of zeta potential distribution.
The examination of coconut shell nanobiochar via values, the nanobiochar surface becomes protonated and positively

Electrophoretic Mobility analysis indicates a zeta potential
distribution concentrated around OmV. This suggests that,
under the tested conditions, the nanobiochar particles possess
a near-neutral surface charge. Such a low zeta potential implies
insufficient electrostatic repulsion between particles, which can
lead to aggregation and consequently reduce colloidal stability
when dispersed. This finding is consistent with the observed pH-
dependent adsorption of methylene blue. Specifically, at lower pH

charged, promoting electrostatic repulsion with cationic dye
molecules. However, at neutral pH, the surface acquires a more
negative charge, enhancing electrostatic attraction and maximizing
adsorption efficiency. Therefore, the zeta potential distribution data
strongly supports the influence of surface charge characteristics
on the adsorption dynamics between the nanobiochar and dye
molecules (Figure 9).
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Figure 9: Zeta potential distribution of the sample.

The electrophoretic mobility distribution of coconut shell
nanobiochar is characterized by a sharp, narrow peak centered
near OmV. This indicates that the particles possess a nearly neutral
surface charge and exhibit very low electrophoretic mobility. The
near-zero zeta potential suggests that electrostatic repulsion
is limited, leading to poor colloidal stability and a tendency for
particle aggregation in suspension. In conjunction with the EOS
plot results, it is evident that the nanobiochar’s surface charge is
highly sensitive to the surrounding pH, which directly influences
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its adsorption behavior. At acidic pH levels, surface protonation
reduces dye uptake due to electrostatic repulsion with cationic
methylene blue. Conversely, at neutral pH, deprotonation results in
a negatively charged surface that enhances electrostatic attraction
and maximizes adsorption efficiency. Therefore, both EOS and
mobility distribution analyses underscore the critical role of
surface charge in governing the adsorption performance of coconut
shell nanobiochar (Figure 10).
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Figure 10: DLS particle size distribution of coconut shell nanobiochar.

The analysis of the coconut shell nanobiochar sample using
dynamic light scattering determined a mean particle diameter of
618.1nm and a polydispersity index of 0.375, indicating moderate
polydispersity. Intensity, volume, and number distribution plots
revealed two principal particle populations: smaller particles with
a size of approximately 162nm and larger aggregates measuring
around 6,640nm. This distribution suggests the coexistence of
fine nanoparticles and aggregated structures in the suspension.

A diffusion constant of 7.958 x 10°cm?/s was recorded, with an
acceptable fit confirmed by the residual value. These experiments
were performed in water at 25 °C, using a refractive index of
1.3328 and a viscosity of 0.8878cP. Consequently, the nanobiochar
sample is characterized by a predominance of nanosized particles
alongside a degree of aggregation, a typical attribute of carbon-
based nanomaterials that affects their surface properties, stability,
and efficacy in aqueous solutions.
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Dye removal

Coconut shell-based nanobiochar, produced through high-
temperature pyrolysis of unmodified coconut shells, presents
itself as a cost-effective and environmentally benign adsorbent
for water treatment. This material’s extensive surface area,
sophisticated porous structure, and rich array of surface functional
groups enable the effective elimination of contaminants from
water. Specifically, CS-NBC exhibits a significant capacity for
adsorbing methylene blue, a prevalent cationic dye utilized in
the textile sector, achieving up to 98% removal at a neutral pH
within 120 minutes. This performance highlights its potential for
the remediation of industrial wastewater polluted with organic
dyes. The adsorption process is primarily driven by -1 stacking
interactions and electrostatic forces between the dye molecules

E Pyrolysis Temperature
BOO-900 °C

Nan-;l'biocll:u

ip--.u-n-n

and the negatively charged nanobiochar surface [50,51]. Consistent
with prior research, these outcomes corroborate biochar’s capacity
to adsorb a range of colorants, including Congo red, rhodamine B,
and malachite green [52]. The interaction of methylene blue dye
with lignocellulosic biomass is governed by several adsorption
mechanisms. These encompass -1 stacking between the aromatic
systems of lignin and MB, electrostatic forces between the cationic
dye and the biomass’s anionic functional groups, hydrogen bonding
between MB molecules and hydroxyl or carboxyl groups (-OH,
-CO0-), and van der Waals forces that contribute to stabilization.
The synergistic effect of these interactions enhances the affinity
of MB for lignocellulosic materials, thereby demonstrating their
potential as economical and sustainable adsorbents for removing
dyes from wastewater [53]; (Figure 11).
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Figure 11: Adsorption of methylene blue dye on coconut shell-derived nanobiochar (CS-NBC).
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Res Dev Material Sci

Copyright © Santosh Narayan Chadar



RDMS.001034. 22(2).2025

2717

The capacity of coconut shell nanobiochar to adsorb methylene
blue dye is significantly affected by the pH of the solution. This
is attributed to the influence of pH on both the adsorbent’s
surface charge and the ionization state of the dye molecules.
Under acidic conditions, the adsorption efficiency is reduced
because the protonation of surface functional groups results
in a positively charged biochar surface, which electrostatically
repels the cationic methylene blue molecules, thereby hindering
adsorption. Conversely, adsorption capacity notably improves in
near-neutral pH conditions, reaching its peak at pH 7. At this pH,
the nanobiochar surface develops a negative charge, promoting
electrostatic attraction of methylene blue cations. Furthermore,
m-1 interactions between the aromatic structures of the biochar
and the methylene blue molecules contribute to enhanced binding.
However, under alkaline conditions, a gradual decrease in removal
efficiency is observed, as excess hydroxyl ions (OH-) compete for
adsorption sites and diminish the electrostatic attraction between
the dye and the adsorbent. These observations align with previous
research indicating that nanobiochars achieve maximal dye
removal at neutral pH, owing to the synergistic effects of surface
charge characteristics and molecular interactions [54]; (Figure 12).

Regeneration and reusability

Initial regeneration experiments indicate that CS-NBC retains a
significant portion of its adsorption capacity after three adsorption-
desorption cycles when using either ethanol or dilute acid washes.
This durability suggests its suitability for cost-effective, repeated
use in water treatment. Additionally, its thermal stability enables
reuse following mild regeneration methods [55].

Conclusion

This research successfully synthesized nanobiochar from
coconut shells using controlled pyrolysis, establishing its suitability
for adsorption due to its porous architecture, extensive surface area,
and characteristic functional groups. The material’s structural and
chemical attributes, confirmed through rigorous characterization,
were found to be crucial for efficient dye adsorption. Experimental
results indicated that the synthesized coconut shell-based
nanobiochar achieved high removal rates for methylene blue dye
in wastewater treatment, primarily through mechanisms involving
T-Tt interactions, electrostatic attraction, and the nanobiochar’s
mesoporous structure. Consequently, CS-NBC emerged as a cost-
effective, environmentally benign, and sustainable adsorbent
derived from agricultural waste, presenting a viable strategy for
mitigating dye pollution in wastewater. Its demonstrated adsorption
capabilities highlight significant potential for widespread
environmental applications, thereby contributing to both waste
valorization and the management of water contamination.
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