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Abstract

The presence of hazardous synthetic dyes such as Congo Red in industrial wastewater poses a significant
environmental threat. This study explores the potential of biochar (BC) and nano-biochar (nano-BC), derived from
Areca catechu husk as sustainable adsorbents for dye removal. Nano-BC was synthesised via hydrothermal
carbonisation and mechanical ball milling, leading to enhanced structural and surface properties. X-ray Diffraction
(XRD) revealed that the Pinang husk is predominantly amorphous, while BC exhibits increased crystallinity with sharp
peaks, and nano-BC demonstrates the highest crystallinity and nanostructural refinement. Fourier Transform Infra
Red (FTIR) confirmed the transformation of aliphatic-rich raw biomass into aromatic-dominant structures in BC and
nano-BC, with nano-BC showing more pronounced graphite-like features. Scanning Electron Microscope (SEM)
illustrated the morphological evolution, with nano-BC exhibiting refined, uniformly porous structures. BET analysis
revealed that nano-BC has a significantly higher surface area 41.38 m?/g and smaller pore size 8.4928 nm compared to
BC 22.38 m?/g and 15.39 nm, enhancing adsorption capacity. Furthermore, the adsorption kinetics followed the pseudo-
second-order model, and isothermal analysis confirmed monolayer adsorption with the highest maximum adsorption
capacity (@max = 154.526 mg/g). These findings highlight the superior adsorption performance of nano-BC, emphasising
its potential for environmentally friendly water treatment applications.
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1. Introduction leather production [1]. These industries release
large amounts of wastewater. This wastewater is
heavily contaminated with dye and often released
without proper treatment into sensitive natural
water bodies [2]. The persistence of synthetic
dyes, such as Congo Red, as ecological pollutants
results from their important stability, large
toxicity and large resistance to biodegradation [3].
Because they stay in water systems for long
periods, they can disrupt many natural processes
in the water, stop some plants from making food

Industrial wastewater management presents
a meaningful ecological and public health threat,
drastically exacerbated by the wide-ranging
industrial application of synthetic dyes in diverse
sectors including textiles, plastics, paper and
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through photosynthesis and cause serious health
problems in people and animals because they can
cause cancer and change genes [4]. The
development of effective and sustainable
wastewater treatment technologies is therefore of
important importance.

Congo Red, a specific anionic diazo dye, enjoys
wide-ranging use in several textile and pigment
industries because of its bright color and large
stability under many conditions [5]. These helpful
industrial properties, however, also cause the
substance to persist in the environment because
standard wastewater treatment methods, such as
aerobic and anaerobic digestion, are often
ineffective at breaking it down [6]. The breakdown
of Congo Red can create important quantities of
benzidine, a carcinogen that poses a severe risk to
both the environment and people [7]. Congo Red
resists light, heat and oxidizing agents. This
makes it very difficult to remove from wastewater
[8]. Because of these important characteristics, we
need to explore several new, effective and
sustainable remediation strategies.

Adsorption is a greatly effective and
inexpensive approach for dye removal and it
stands out among many wastewater cleanup
methods [9]. Despite the encouraging adsorption
capacity of biochar, its performance can be
significantly enhanced through reduction of the
particle size to the nanoscale [10]. Nano-biochar,
produced through techniques such as mechanical
ball milling, exhibits a higher surface area,
improved surface reactivity, enhanced
dispersibility in aqueous media, and increased
adsorption efficiency due to greater exposure of
active adsorption sites [11]. Furthermore, nano-
biochar has demonstrated superior adsorption
kinetics compared to bulk biochar, allowing for
more rapid and effective removal of pollutants
[12]. Recent studies suggest that nano-biochar
possesses enhanced electrostatic interactions, n—n
Interactions, and hydrogen bonding capabilities,
all of which contribute to its superior adsorption
performance [13]. However, limited studies have
systematically explored the effect of particle size
reduction on adsorption efficiency, particularly in
relation to dye removal from wastewater [14].

Areca catechu (betel nut husk), a widely
available agricultural byproduct, represents a
promising precursor material for biochar and
nano-biochar  production [15]. Its  high
lignocellulosic content, structural integrity, and
widespread availability in tropical regions make it
an economically viable and environmentally
sustainable option for adsorbent development
[16]. Utilizing Areca catechu husks for nano-
biochar synthesis aligns with the principles of a
circular economy by promoting agricultural waste
valorization and reducing environmental impact
[17]. However, to date, the potential of Areca
catechu-derived nano-biochar for dye removal has

only been explored in a limited number of studies,
and the influence of particle size reduction
through high-energy milling on adsorption
performance remains largely unexamined [18].

Previous studies have demonstrated the
adsorption capabilities of biochar derived from
various biomass sources, including orange peels
[8], algae [3], waste pine needles [19], and
breadfruit leaves [20], with varying levels of
effectiveness in dye removal. However, there
remains a critical gap in understanding the
specific advantages of nano-biochar, particularly
from Areca catechu husks, in enhancing
adsorption efficiency [21]. Moreover, limited
research has examined the influence of key
process parameters, such as pH, contact time, and
adsorbent dosage, on the adsorption behavior of
nano-biochar [22]. Additionally, most existing
studies have been conducted using synthetic dye
solutions, whereas real industrial wastewater
often contains complex mixtures of contaminants
that may influence adsorption performance.

This study aims to address these research
gaps by synthesizing and characterizing biochar
and nano-biochar from Areca catechu husks for
Congo Red dye adsorption. The novelty of this
research lies in its systematic evaluation of the
impact of nano-biochar’s reduced particle size on
adsorption efficiency, providing a comprehensive
physicochemical characterization of  the
adsorbents and assessing their adsorption
performance in terms of capacity, kinetics, and
isotherms. Additionally, this study compares the
adsorption capacity of nano-biochar with other
reported adsorbents and explores its adsorption
mechanisms to assess its potential for large-scale
application n wastewater treatment.
Furthermore, the influence of critical operational
parameters, such as pH, temperature, and
competing ions, will be investigated to enhance
the understanding of the adsorption process under
realistic environmental conditions. By addressing
these aspects, this research contributes to the
advancement of nano-biochar applications in dye
removal and highlights 1its potential for
sustainable wastewater treatment.

2. Materials and Method
2.1 Chemicals and Analyses

The materials employed in this research were
distilled water (H,O), obtained from PT. Dira
Sonita, and sodium hydroxide (NaOH) (molecular
weight 40.00 g/mol, supplied by Merck), as well as
hydrochloric acid (HCl) (molecular weight The
materials utilized in this research included 36.458
g/mol, a 37% solution from Merck), Congo red dye
(C32H,3;NgNa,04S,), and Areca catechu L., which
was collected from Pangandaran, West Java,
Indonesia.
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The equipments employed in this study
include a Rigaku Miniflex-6000 for X-ray
diffractometer analyisis, Shimadzu Prestige-21
for Fourier transform infrared (FTIR) analysis,
BELSORP-miniX for BET surface area analysis,
the SU 8000 series for SEM morphology analyis,
and an UV-Vis spectrophotometer (EMC-18PC-
UV) to determine the absorbance from the filtrat.

2.2 Areca catechu Biochar Preparation

The Areca catechu husk was subjected to a
cleansing process involving the removal of
contaminants through the application of water.
This was followed by a drying phase, conducted
under solar conditions, spanning a period of 3—4
days, with the objective of reducing the moisture
content. Subsequently, the material was subjected
to a 12-hour heating process at 80 °C in an oven,
with the objective of eliminating any residual
moisture and volatile compounds. Subsequently,
the husk was pulverised into a fine powder.
Subsequently, the powdered particles were placed
in a muffle furnace at 500 °C with a constant
nitrogen gas flow of 1x10%® m?®h for a period of
three hours. The resulting biochar was
subsequently washed and then dried in a hot-air
oven at 90 °C for 12 hours [19]. The
characterisation of the biochar was conducted
using X-ray diffraction, Fourier transform
infrared spectroscopy, Brunauer-Emmett-Teller
analysis and scanning electron microscopy.

2.4 Areca catechu Nano-Biochar Preparation

Nano-biochar was produced through a
grinding process utilising high-energy milling
(HEM) at a speed of 500 rpm for a period of three
hours [15]. The nano-biochar obtained from the
Areca catechu fruit husk was subjected to
comprehensive characterisation using advanced
analytical techniques. The characterisation of the
nano-biochar was conducted using a range of
advanced analytical techniques, including X-ray
diffraction (XRD) for the analysis of the
crystalline structure, Fourier transform infrared
spectroscopy (FT-IR) for the identification of
functional groups on the surface, Brunauer-
Emmett-Teller (BET) analysis for the evaluation
of the specific surface area and pore size
distribution, and scanning electron microscopy
(SEM) for the investigation of the surface
morphology and microstructural properties [21].

2.5 Adsorption Study

Adsorption selectivity carryout with dye
solutions (Congo Red, Methyl Orange, Malachite
Green, and Methylene Blue) with absorbance
values measured at 0.5 nm were prepared by
mixing 10 mL of each dye solution in a beaker. A

total of 0.2 g of biochar or nano-biochar was added
to the anionic dye mixture and stirred for 80
minutes to ensure thorough interaction between
the adsorbent  and  dyes. Wavelength
measurements were conducted using a UV—visible
spectrophotometer to  monitor adsorption
efficiency [26].

Various parameters, including concentration,
pH, and temperature, were varied to determine
the optimal conditions for the dye adsorption
process. In the pH variation experiment, a 20 mL
dye solution with a concentration of 15 mg/L was
prepared, and its pH was adjusted within a range
of 2 to 11 using NaOH and HCI solutions. After pH
adjustment, the initial absorbance was measured
using a UV—Vis spectrophotometer to evaluate the
effect of pH on adsorption performance [27].

The adsorption experiments were conducted
using 0.02 grams of biochar and nano-biochar
derived from Areca catechu. The aforementioned
adsorbents were placed in a 100-milliliter
Erlenmeyer flask containing 20 milliliters of a
Congo red dye solution with an initial
concentration of 50 milligrams per liter. Prior to
the commencement of the experiment, the pH of
the solution was not adjusted. The mixture was
agitated using a magnetic stirrer at specified time
intervals of 10, 20, 30, 40, 50, 60, 90, 120, 150, and
180 minutes. Subsequently, the adsorbent was
removed from the residual dye through filtration,
and the resulting filtrate was collected for further
analysis. The absorbance of the filtrate was
determined using a UV-Vis spectrophotometer
[22].

In order to investigate the thermodynamic
effects on adsorption, variations 1in dye
concentration and temperature were applied. In
each experiment, 0.02 g of Areca catechu, biochar,
or nano-biochar was added to 20 mL of dye
solution and stirred for 90 minutes with a
magnetic stirrer. The adsorption tests were
conducted at four distinct temperatures. The
temperatures used were 30 °C, 40 °C, 50 °C, and
60 °C. Upon completion of the stirring process, the
mixtures were filtered, and the absorbance of the
filtrates was measured using a UV-Vis
spectrophotometer to evaluate the remaining dye
concentration [23].

2.6 Adsorbent Reusability

The regeneration process was initiated by
introducing the desorbed adsorbent into a 20 mL
solution containing 50 mg/L of dye. The mixture
was then stirred for a period of two hours, after
which the remaining concentration of dye was
analysed using a UV-Vis spectrophotometer.
Subsequently, the adsorbent was subjected to
desorption using an ultrasonic device. This
entailed the mixing of 25 mL of aqueous solvent
with the adsorbent, which was then stirred for a
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period of two hours. The filtrate was subsequently
analysed using a UV-Vis spectrophotometer. The
residual material was then dried and reused in
the next regeneration cycle. The quantity of the
dye adsorbed (mg/g) and @: is the adsorption
capacity of the dye after regeneration (mg/g) [24].

3. Result and Discussion
3.1. Characterizations

The X-ray diffraction (XRD) patterns of the
adsorbents, namely Pinang husk, biochar (BC),
and nano-BC on Figure 1, reveal distinct
structural differences that are pivotal to
comprehending their adsorption performance.
The broad peaks observed at 20 angles of
approximately 15.66°, 22.1°, and 34.51° indicate
that the pinang husk is predominantly amorphous
in nature. The weak crystallinity of the pinang
husk, as evidenced by the aforementioned peaks,
can be attributed to 1its inherent organic
composition and limited structural order [25].

In contrast, BC displays sharper peaks at
21.81°, 26.58°, and 35.864° indicative of an
augmented crystallinity in comparison to the
unprocessed Pinang husk. These peaks are
indicative of phases that are formed during the
pyrolysis process, whereby organic matter
decomposes, leaving behind a carbon-rich
structure with enhanced order. It is noteworthy
that BC also exhibits additional peaks at higher
angles, such as 59.868°, which suggest the
development of microcrystalline domains [26].

Nano-BC exhibits the most distinct and sharp
peaks among the three adsorbents, with
significant reflections at 20.870°, 25.536°, 26.628°,
35.123°, and 43.346°. The enhanced peak
Iintensities are indicative of the improved
crystallinity and structural order that has been
achieved through the nanomodification process.
These characteristics result in an increased
surface area and a greater number of active

~— Areca Husk
BC
Nano-BC

(100)

Intensity (a.u)

0 10 20 30 40 50 60 70 80 90 100

20 (degree)

Figure 1. X-ray diffraction patern of pinang husk,
biochar and nano-biochar

adsorption sites, which directly contribute to the
superior adsorption performance observed [27].

The peaks observed for all adsorbents at
specific angles correlate with crystalline phases,
including potential indications of silica and
carbon-based compounds. The more acute peaks
observed in BC and Nano-BC indicate the
presence of more sophisticated microstructures,
which are postulated to enhance their adsorptive
properties. Furthermore, the absence of specific
peaks in the Pinang husk indicates that it is a raw
and less processed material, which is consistent
with its relatively lower adsorption capacity.

The FTIR spectra of the samples (Areca husk,
BC, and nano-BC) on Figure 2. demonstrate
substantial structural alterations resulting from
thermal processing. The broad O-H stretching
band at 3700-3000 cm™, which 1s associated with
phenolic hydroxyl groups and adsorbed water,
displays a reduction in intensity as the processing
temperature increases. This indicates a loss of
oxygen-containing functional groups. Similarly,
the C—H stretching vibrations at 2924 cm™ and
2850 cm™, representing aliphatic compounds
derived from cellulose and lignin, are markedly
diminished in BC and Nano-BC, indicating the
fragmentation of aliphatic structures into more
stable aromatic forms [28].

The carbonyl (C=0) stretching vibration at
1710 cm™, present in the raw biomass, diminishes
in BC and Nano-BC, indicating a conversion of
ketones and esters into condensed aromatic
structures. Conversely, the C=C stretching
vibration at 1595 cm™, which is typical of aromatic
compounds and lignin, becomes more prominent,
thereby signifying increased aromaticity and the
formation of polyaromatic structures [35].
Furthermore, the C—O—C stretching band at 1110
cm™, indicative of carbonyl derivatives, becomes
more pronounced in Nano-BC, which is indicative
of structural refinement. The peak at 770 cm™,
representing aromatic C—H deformation, becomes

).
= 1604
109.

Areca husk
—BG
~Nano BC

(%) Transmittance

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

Wavenumber (cm™")

Figure 2. FTIR spectrum of areca husk, biochar
and nano-biochar
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more distinct in BC and Nano-BC, reflecting the
development of graphite-like aromatic structures
at higher temperatures [30]. Overall, these
spectral changes illustrate the transformation
from aliphatic-rich raw biomass to aromatic-
dominant BC and Nano-BC, with Nano-BC
showing the most advanced structural properties.
These changes correlate with enhanced
adsorption capabilities, making Nano-BC a
promising material for dye removal applications.

The raw Areca husk (Figure 3a) has a fibrous
structure with naturally occurring pores, which is
essential for subsequent adsorption applications.
The mean particle diameter was determined to be
5340.03 nm, indicating that the material retains a
relatively coarse structure prior to pyrolysis. The
presence of ridges and honeycomb pores
highlights the biological origin of the husk and its
potential as a precursor for biochar production.

After pyrolysis, the Dbiochar (Figure 3b)
exhibits a more porous and fragmented
morphology, attributed to the release of volatile
compounds during thermal decomposition. The
average particle size increased significantly to
22655.40 nm, approximately 4.24 times larger
than the raw husk. This increase may be related
to structural changes, including the formation of
a more Interconnected pore network, which
increases the surface area and adsorption capacity
of the material [24].

Further refinement by high-energy milling
resulted in nano-biochar (Figure 3c), with the
particle size drastically reduced to 428.68 nm,
confirming the successful conversion to the
nanoscale [14]. Compared to the original Areca
husk, the particle size reduction factor is
approximately 12.46 times, and compared to
biochar, it is 52.87 times smaller. The nano-

biochar has a finer particle distribution with
increased surface roughness, resulting in more
active sites for adsorption [37]. The transition to
the nanoscale significantly improves dispersibility
in aqueous media, adsorption kinetics and
electrostatic interactions with anionic pollutants
such as Congo Red. This transformation
underlines the advantage of nano-biochar in
environmental remediation, as the increased
surface area of nano-biochar increases the
adsorption capacity.

In this study, a BET analysis was conducted
to evaluate the specific surface area and pore
characteristics of biochar and nano-biochar, as
presented in the table. The BET analysis revealed
that the surface area of biochar is 22.38 m?/g, with
an average pore size of 15.39 nm and a pore
volume of 0.1301 cm?®g. In comparison, nano-
biochar exhibits a markedly elevated surface area
of 41.38 m?/g, accompanied by a diminished
average pore size of 8.4928 nm and an augmented
pore volume of 0.2095 cm?/g.

Figure 4. show that both materials display
Type IV(a) physisorption isotherms, indicative of
their status as mesoporous materials with pore
sizes spanning the range of 2-50 nm.
Furthermore, the presence of a hysteresis loop in
the isotherm serves to confirm the occurrence of
capillary condensation within the mesopores [34].
The adsorption process in Type IV(a) isotherms
typically commences with a rapid increase in
adsorption volume at low relative pressures,
driven by the interaction of adsorbate molecules
with higher-energy sites. This is followed by
interaction with lower-energy sites as multilayer
adsorption occurs [35].

The observed increase in surface area for
nano-biochar in comparison to biochar can be

Particle diameter (nm)

Figure 3. Scanning electron microscopy (SEM) image and particle size distribution of Areca husk (a),

Biochar (b) and Nano-biochar (c).
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attributed to the reduction in particle size during
the nanostructuring process, which enhances the
availability of active sites for adsorption [36]. The
smaller pore size of nano-biochar also contributes
to its higher adsorption capacity, as it facilitates
stronger interactions with the adsorbate
molecules. The larger pore volume observed for
nano-biochar indicates an increased capacity to
accommodate adsorbate molecules, thereby
providing further evidence to support its superior
adsorption performance [37]. The results
demonstrate the considerable influence of the
nanostructuring process on the enhancement of
the specific surface area and adsorption
characteristics of biochar, rendering nano-biochar
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a more efficacious material for applications such
as dye adsorption or environmental remediation.

3.2 Dye Sorption Selectivity

Figure 5 shows. the ability of an adsorbent to
selectively capture and separate specific dyes from
a mixture is referred to as dye selectivity.
Developing an adsorbent with high selectivity is
crucial for wastewater treatment applications, as
industrial effluents often contain complex
mixtures of dyes and other contaminants.
Enhancing the selectivity of biochar and nano-
biochar towards particular dyes improves
treatment efficiency, reduces chemical and energy
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Figure 4. The N2 adsorption/desorption isotherm of Biochar (a) and Nano-biochar (b)
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consumption, and leads to higher-quality treated
water [42].

In this study, the adsorption performance of
biochar and nano-biochar derived from Areca
catechu husks was evaluated for Congo Red (CR),
Methyl Orange (MO), Malachite Green (MG), and
Methylene Blue (MB). The adsorption capacity
varied among the dyes, with the highest
adsorption observed for Malachite Green (60.84%)
and the lowest for Methyl Orange (6.87%).
Biochar exhibited lower adsorption efficiency than
nano-biochar due to its larger particle size and
lower surface reactivity. The enhanced adsorption
capability of nano-biochar can be attributed to its
increased surface area, higher porosity, and
greater availability of active functional groups
[43].

Spectral deconvolution of the UV-Vis
absorption spectra before and after adsorption
was conducted to assess dye selectivity, as shown
in Figure 6. Due to overlapping absorption peaks
in dye mixtures, deconvolution techniques were
employed to distinguish individual dye
components and identify their maximum
absorption wavelengths (A max). By applying
Gaussian fitting, this approach improves the
accuracy and reliability of A max detection and
helps to evaluate the selectivity of the adsorbent
towards different dyes [44].

The findings indicate that despite the
complexity of real wastewater environments,
biochar and nano-biochar derived from Areca
catechu husks effectively adsorb various dyes,
demonstrating their potential as low-cost and
sustainable adsorbents. The differences in
adsorption percentages highlight the role of
surface interactions, electrostatic forces, and
functional group availability in influencing dye
selectivity. The results also suggest that nano-
biochar, due to its superior physicochemical
properties, can serve as an efficient adsorbent for
wastewater treatment applications involving
mixed dye pollutants.

4

—&— Areca Husk
3 4 —&—BC
—&— Nano BC

Figure 6. The pH Point Zero Charge (PZC) of
areca husk, biochar and nano-biochar

3.3 Impact of pH to Adsorption and pHpzc
Determination

This comparative analysis elucidates the
progressive morphological changes from raw
Areca husk to biochar and finally to nano-biochar,
underscoring the impact of pyrolysis and particle
refinement in tailoring material properties. The
graph on Figure 6. illustrates the relationship
between the delta pH and the initial pH for
biochar and nano-biochar derived from Areca
catechu. The pH point of zero charge (pHpzc) for
BC and Nano-BC was determined to be
approximately 6.94 and 7.53, respectively. The
pHpzc is defined as the pH at which the net
surface charge of the adsorbent is neutral. Below
the pHpzc, the adsorbent's surface is positively
charged, thereby facilitating the adsorption of
anionic dyes such as Congo red due to electrostatic
attraction. Above the pHpzc, the surface acquires
a negative charge, thereby reducing the efficiency
of adsorption for anionic molecules [38].

The slightly higher pHpzc of Nano-BC in
comparison to BC indicates that the nano-biochar
exhibits enhanced surface characteristics, which
are likely the result of surface modifications
achieved through high-energy milling. This
modification serves to enhance the surface area
and provide a greater number of active sites,
thereby improving the performance of the
adsorbent at near-neutral pH conditions.

As demonstrated in Figure 7, it is evident that
the adsorption capacity of all adsorbents is
maximised within the acidic pH range, specifically
between pH of 2 and 4, and undergoes a gradual
decline as the pH rises. Nano-biochar exhibits the
most superior adsorption performance across the
entire pH spectrum, with biochar ranking second,
while Areca husk demonstrates the least efficient
adsorption capacity. This phenomenon is
consistent with the pH at the point of zero charge
(pHpzc), which determines the net surface charge
of an adsorbent.The pHpzc values for BC and

2 °
13 4 /o —a o
*— g 2
10 ~ 4 >
L a ?
\ 2
_ \ =Y a
e/
= 30 4 g L
2] >
= - L -
= @ -
& R Q *
20 . B °
R >
15 4 N ?
— o
10 - @
@ Areca Husk
i @ BC
@ Nano-BC
0 T T T T T T
2 4 [ 8 10 12
pH

Figure 7. Impact of pH adsorption to arce husk,
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Nano-BC were determined to be approximately
6.94 and 7.53, respectively. This suggests that at
lower pH values, the adsorbents' surface is
positively charged due to protonation, thereby
enhancing the adsorption of anionic dyes like
Congo red through electrostatic
attraction.Conversely, at higher pH values, the
surface charge becomes negative, leading to
electrostatic repulsion and a decline in adsorption
efficiency.

The superior adsorption capacity exhibited by
nano-biochar is attributed to its increased surface
area, reduced particle size, and augmented
functional groups, which enhance electrostatic
interactions and chemical bonding with CR
molecules. The adsorption capacity of Nano-BC
remains relatively stable from pH of 2 to 6,
suggesting strong dye-binding capabilities, before
experiencing a sharp decline beyond pH of 8 due
to the increasing electrostatic repulsion [46].

These findings on Figure 7 where it shows
underscore the pivotal role of pH in adsorption
processes and underscore the efficacy of nano-
biochar as an advanced adsorbent for dye removal,
particularly in acidic environments.The optimized
adsorption conditions at lower pH values provide
valuable insights for wastewater treatment
applications, where pH control can markedly
enhance pollutant removal efficiency [47].

3.3 Impact of Adsorption Contact Time

Figure 8 shows the adsorption kinetics of
Congo Red by Pinang husk, biochar (BC), and
nano-biochar (Nano BC) exhibit notable
disparities in performance. The nano-biochar
exhibits the highest adsorption capacity, followed
by the biochar and the pinang husk, indicating
that the nanoscale structure of the nano-biochar
provides a larger surface area and more active
sites for adsorption [48]. All adsorbents reach
equilibrium after approximately 150 minutes,
with Nano-BC exhibiting the fastest initial
adsorption rate. This indicates that the
modification of the material through pyrolysis and
nanofabrication has a considerable impact on the
enhancement of the adsorption performance.

The kinetic data were found to be consistent
with both the Pseudo-First-Order (PFO) and
Pseudo-Second-Order (PSO) models. However, the
Pseudo-Second Order (PSO) model provides a
superior fit to the experimental results for all
adsorbents, with Nano-BC exhibiting the most
pronounced alignment [49]. This suggests that the
adsorption process s dominated by
chemisorption, which involves chemical
interactions, such as hydrogen bonding, =n-n
Interactions, or electrostatic attractions [41]. In
contrast, the PFO model provides a less accurate
fit, indicating that physical adsorption plays a
minor role. The raw Pinang husk shows slower

adsorption kinetics, likely due to its limited
porosity and active sites. BC improves adsorption
performance by increasing surface area and
functional groups, while Nano-BC outperforms
both due to its nanoscale features [3]. These
findings suggest that Nano-BC is a promising
material for dye removal in wastewater
treatment. However, its synthesis cost and
complexity should be carefully considered.

The adsorption kinetics of Congo Red onto
Pinang husk, biochar (BC), and nano-biochar
(Nano-BC) can be discussed in light of the
graphical representation and Table 1. The
experimental adsorption capacities (Qeexp)
demonstrate that Nano-BC attains the highest
value (46.499 mg/g), followed by BC (44.432 mg/g)
and Pinang husk (35.495 mg/g). This suggests
that the enhanced surface area and active sites of
Nano-BC, resulting from its nanoscale
modification, are instrumental in enhancing the
efficiency of the adsorption process.

The suitability of the adsorption data for the
Pseudo-First-Order (PFO) and Pseudo-Second-
Order (PSO) models provides further evidence of
the underlying adsorption mechanisms. The R?
values for the PSO model are consistently higher
(0.999) across all adsorbents compared to the PFO
model (R? ranging from 0.722 to 0.866). This
evidence indicates that the adsorption process is
dominated by chemisorption, which involves
interactions such as hydrogen bonding and
electrostatic forces between the adsorbate (Congo
Red) and the adsorbent surface [42]. Furthermore,
the calculated values of Q. from the PSO model
are more closely aligned with the experimental
values than those from the PFO model, providing
additional support for the chemisorption
mechanism.

The kinetic rate constants (k2) from the PSO
model provide further insights. The nano-BC
exhibits a slightly elevated value for the kinetic
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Figure 8. The impact of adsorption contact time
by areca husk, biochar and nano-biochar
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rate constant at 0.005, in comparison to that of
Pinang husk, which is 0.004. This reflects a more
rapid adsorption rate, attributable to enhanced
surface reactivity [43]. Similarly, BC exhibits the
highest value of the kinetic rate constant, ks
(0.008), which is likely attributable to its balanced
porosity and surface functionality.

The graph serves to corroborate these
findings, visually illustrating the faster
adsorption rate and higher equilibrium capacity of
Nano-BC. The kinetics of pinang husk are slower,
resulting in a lower adsorption capacity due to the
limited surface area and the number of active
sites. While BC outperforms Pinang husk, it is
slightly less effective than Nano-BC, which
exhibits rapid initial adsorption followed by
equilibrium at the highest capacity.

Nano-BC has been identified as the most
effective adsorbent for Congo Red, demonstrating
both high adsorption capacity and rapid kinetics.
The PSO model has been shown to accurately
describe the adsorption process, indicating that
chemisorption is the dominant mechanism [44].
These results emphasise the benefits of material
modification and highlight the potential of Nano-
BC for practical applications in dye removal from
wastewater.

3.4 Impact of Concentration and Temperature on
Adsorption

Figure 9 illustrates the effect of initial Congo
Red concentration and adsorption temperature on
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Figure 9. Effect of Initial Concentration congo red
and adsorption temprature on Areca husk (a),
Biochar (b) and Nano-biochar (c)

Areca husk (a), Biochar (b), and Nano-biochar (c).
The adsorption capacity (qe) increases with initial
dye concentration until equilibrium is reached,
beyond which no significant enhancement in
adsorption is observed. For Areca husk (a),
equilibrium is reached at approximately 150
mg/L, with adsorption capacity stabilizing at
higher temperatures (323 K and 333 K). Biochar
(b) exhibits improved adsorption performance,
with equilibrium occurring between 150-175
mg/L, and maximum adsorption observed at 333
K. Meanwhile, Nano-biochar (c) demonstrates the
most efficient adsorption, achieving equilibrium
at 150 mg/L across all temperatures, indicating a
rapid and effective adsorption process.

The trend suggests that increasing
temperature enhances adsorption efficiency,
likely due to the endothermic nature of the
process. Additionally, the significant
improvement in adsorption capacity from Areca
husk to Nano-biochar highlights the role of
particle size reduction in increasing surface area
and active sites, making nano-biochar the most
effective adsorbent. The adsorption
characteristics of Congo red on Areca husk, BC,
and nano-BC were analysed using the Langmuir
and Freundlich isotherm models were shown in
Table 2. The Langmuir isotherm postulates that
adsorption occurs on a uniform surface with
monolayer coverage [45]. The key parameters are
Qmazx, which represents the maximum adsorption
capacity, and ki, which is the affinity constant.
The Freundlich isotherm, an empirical model, is
used to describe adsorption on heterogeneous
surfaces with varying adsorption energies [46]. It
is characterised by two key parameters: kr, which
represents the relative adsorption capacity, and n,
which describes the adsorption intensity.

The Langmuir model indicates that the
maximum adsorption capacity (@max) of Congo red
on Areca husk is 379.679 mg/g at 60 °C, thereby
demonstrating that higher temperatures enhance
the adsorption process. Nevertheless, the R?
values (0.180-0.784) indicate a poor fit to the
Langmuir model, while the low kL values (0.002—
0.011) reflect a limited affinity between the
adsorbate and the adsorbent [47]. In contrast, the
Freundlich model demonstrates a superior
alignment with R? values reaching 0.910 at 50 °C.
The kr values reach a maximum at 4.529 at 50 °C,

Table 1. The kinetic parameters PFO and PSO models by areca husk, biochar and nano-biochar.

Qe PFO PSO
Adsorbent o Qecal Qeca
(m / ) calc R2 k calc R2 k
e (mglg) 1 (mg/g) ’
Areca husk 35.495 13.428 0.866 -8.412 36.31 0.999 0.004
BC 44.432 8.996 0.722 -9.073 44.769 0.999 0.008
Nano BC 46.499 12.704 0.775 -9.533 47.48 0.999 0.005
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indicating a favourable adsorption capacity, while
the n values (1.255-1.578) suggest moderately
strong adsorption. With regard to BC, the
Langmuir model indicates the highest @umax of
594.406 mg/g at 30 °C, although this decreases
with increasing temperature. While the R? values
exhibit considerable variation (0.014-0.903), the
kL values demonstrate an increase at elevated
temperatures, indicative of an enhanced
adsorbate-adsorbent interaction. The Freundlich
model provides a superior fit at 50 °C, with an R?
value of 0.497 and the highest kr value of 21.192,
indicating a considerable relative adsorption
capacity. Furthermore, the n values (1.483—-2.426)
indicate favourable adsorption under these
conditions [48].
Nano-BC displays
characteristics. The Langmuir model
demonstrates a  consistent @max  across
temperatures, with the highest value observed at
154.526 mg/g at 40 °C. It is noteworthy that the
R? values for the Langmuir model (0.924—-0.980)
indicate excellent agreement, while the ki values
(0.063—-0.115) reflect a high affinity [49].
Furthermore, the Freundlich model demonstrates
an excellent fit, with R? values exceeding 0.926 at
all temperatures. Nano-BC attains the highest kr
value of 47.259 at 50 °C, thereby exhibiting the
most elevated relative adsorption capacity.
Moreover, the n values (2.756—4.216) indicate
highly favourable adsorption, thereby
emphasising the efficiency of Nano-BC. In
conclusion, the Freundlich model provides a

superior adsorption

superior description of the adsorption process for
these adsorbents, particularly for BC and Nano-
BC, due to the heterogeneous nature of their
surfaces. Among the adsorbents, Nano-BC is the
most effective, offering high adsorption capacities,
strong adsorbate-adsorbent affinity, and excellent
alignment with both isotherm models.

A  comparison of adsorption capacities
indicates that Nano-BC derived from Areca
catechu exhibits higher adsorption performance
than biochar from other sources, such as pine
sawdust, cornstalk, and green pea peels. The
higher adsorption capacity of Nano-BC is
attributed to the increased specific surface area
and greater number of active sites, achieved
through particle size reduction via high-energy
milling. Thus, nano-biochar has significant
potential as a superior adsorbent for wastewater
treatment applications.

Table 3 display thermodynamic parameters of
adsorption for each adsorbent, including Areca
husk, BC, and nano-BC, are presented in tabular
form. The thermodynamic analysis demonstrates
that the adsorption process exhibits notable
variation among the three materials, as evidenced
by alterations in enthalpy (AH), entropy (AS), and
Gibbs free energy (AG) at varying temperatures
[56]. The AH value of 13.246 kd/mol for Areca husk
indicates that the adsorption process 1is
endothermic. The positive value of AS, which is
0.041 dJ/mol K, indicates an 1increase in
randomness at the solid-liquid interface during
the adsorption process [57]. However, the Gibbs

Table 2. The adsorption isotherm Langmuir and Freundlich parameters by areca husk, biochar and nano-

biochar.
Adsorption  Adsorption Temperature (T)
Adsorbent 1 i D et T30 40 °C 50 °C 60 °C
Qmax 123.784 177.509 163.570 379.679
Langmuir kL 0.083 0.007 0.011 0.002
Areca husk R2 0.998 0.383 0.784 0.180
kF 24.272 2.948 4.529 1.111
Freundlich R2 0.916 0.695 0.910 1.089
n 2.831 1.408 1.578 0.861
Langmuir Qmax 117.767 192.200 167.225 308.297
kL 0.031 0.018 0.038 0.009
BC R? 0.924 0.878 0.903 0.457
kr 4.725 7.832 21.192 5.059
Freundlich R2 0.286 0.863 0.497 0.743
n 1.483 1.616 2.426 1.309
Langmuir Qmax 174.200 150.328 149.692 154.526
kL 0.099 0.063 0.115 0.066
Nano.BC R2 0.903 0.956 0.924 0.952
kr 28.085 25.423 47.259 26.872
Freundlich R2 0.956 0.933 0.926 0.935
n 3.350 2.730 4.216 2.756
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free energy (AG) values exhibit a temperature-
dependent variation, shifting from a positive
value at 303 K (0.901 kJ/mol) to a negative value
at 333 K (=0.321 kd/mol). This suggests that the
adsorption process becomes spontaneous at
higher temperatures.

In the case of BC, the AH value is 14.729
kd/mol, indicating a more endothermic process
than that observed for Areca husk. The AS value
of 0.054 J/mol K indicates a moderate increase in
entropy during the adsorption process. The Gibbs
free energy (AG) values are consistently negative
across all temperatures, starting from —1.744
kd/mol at 303 K to —3.375 kd/mol at 333 K. This
consistent negativity indicates that the
adsorption process is spontaneous and becomes
more favourable with increasing temperature
[58].

The highest AH value of 23.567 kd/mol is
exhibited by Nano-BC, indicating a markedly
endothermic process. The AS value of 0.095 J/mol
K indicates the greatest increase in entropy
among the three adsorbents, which is likely due to
the highly active surface and enhanced
interaction sites of Nano-BC [59]. The AG values
for Nano-BC are the most negative, ranging from
—5.193 kd/mol at 303 K to —8.040 kdJ/mol at 333 K.
This demonstrates that Nano-BC not only exhibits
the highest spontaneity but also the most
favourable adsorption process at all tested
temperatures.

In conclusion, the thermodynamic
parameters indicate that the adsorption process

for all adsorbents is endothermic and becomes
more spontaneous with increasing temperature.
Of the three adsorbents, Nano-BC displays the
most effective and spontaneous adsorption
behaviour, making it the most efficient material
for the removal of Congo red dye.

Table 4 shows a comparison of adsorption
capacities indicates that Nano-BC derived from
Areca catechu exhibits higher adsorption
performance than biochar from other sources,
such as pine sawdust [19], cornstalk [69], and
green pea peels [66]. The higher adsorption
capacity of Nano-BC is attributed to the increased
specific surface area and greater number of active
sites, achieved through particle size reduction via
high-energy milling [41]. Thus, Nano-BC has
significant potential as a superior adsorbent for
wastewater treatment applications. significant
potential as a superior adsorbent for wastewater
treatment applications.

Figure 10 shows the spectrum of FTIR
analysis before and after adsorption revealed
significant changes in the functional groups of
Nano-BC and BC. After adsorption, the intensity
of the absorption band at 1595 cm™* (C=C
aromatic) shifted and decreased, indicating
interactions between Congo Red and the aromatic
structure of the adsorbent [70]. Additionally,
shifts in the carbonyl (C=0) band around 1710
cm™ and the hydroxyl (O—H) band at 3200-3500
cm! suggest the involvement of hydrogen bonding
in the adsorption mechanism [71]. These spectral
changes support an adsorption mechanism

Table 3. The adsorption thermodynamic parameter by areca husk, biochar and nano-biochar

AH AS AG (kd/mol )
Adsorbent

(kJ/mol) (J/mol K) 303 °K 313 °K 323 °K 333 °K
Areca husk 13.246 0.041 0.901 0.494 0.086 -0.321
BC 14.729 0.054 -1.744 -2.288 -2.831 -3.375
Nano BC 23.567 0.095 -5.193 -6.142 -7.09 -8.040

Table 4. The comparison of @max of some biochar from seferal dye sorption related to this work

Adsorbent Adsorbate @max (mg/g) Reference
Pine wood Methylene blue 3.99 [50]
Cornstalk Procion red 15.9 [28]
Paper and pulp sludge Methyl orange 20.53 [61]
Straw Sunset yellow 17.9 [62]
Green pea peels Congo red 62.11 [63]

Betel nut husk Congo red 40.616 [54]

Pine neddle Congo red 30.76 [6]

Pecan Shells Congo red 130.48 [65]

Zinc oxide green pea peels biochar Congo red 114.94 [53]
nanocomposite

Nano-biochar Areca Husk Congo red 154.526 This study
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involving electrostatic interactions, hydrogen
bonding, and =-m interactions between the
aromatic structure of biochar and the Congo Red
molecules [72]. Therefore, the observed FTIR
spectral modifications confirm that adsorption
occurs not only through physical interactions but
also through chemical processes that enhance dye
retention within the adsorbent structure [73].

3.5 Regeneration of Adsorbent

The regeneration of adsorbents 1is of
paramount importance for the maintenance of the
efficiency and reusability of materials employed in
adsorption processes. The data pertaining to the
adsorption process over four cycles evinces a
decline in the efficiency of adsorption for all
materials as the number of cycles increases [60].
This decline is visually represented in Figure 11.
In the initial cycle (Cycle 0), Nano-BC exhibited
the highest adsorption efficiency at 95.04%,
followed by BC at 78.82% and Areca husk at
60.32%. This result serves to highlight the
enhanced adsorption capability of Nano-BC,
which is likely due to its higher surface area and
optimised pore size.

As the regeneration cycles progressed, a
decline in the adsorption performance of all
adsorbents was observed. Following the initial
cycle, Nano-BC exhibited a pronounced decline in
adsorption efficiency, reaching 38.42% in Cycle 1,
and subsequently declining to 26.40% in Cycle 2
and 16.30% in Cycle 3. This rapid decline may be
indicative of structural degradation or the loss of
active sites due to repeated use. In contrast, BC
demonstrated superior retention of its adsorption
performance over the course of the cycles, with a
decrease from 78.82% in Cycle 0 to 45.21% in
Cycle 3 [61]. The lowest overall adsorption
efficiency and the steepest decline were observed
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for Areca husk, which dropped from 60.32% in
Cycle 0 to 20.27% in Cycle 3.

The data indicates that whilst Nano-BC
exhibits the highest initial adsorption capacity, its
regeneration efficiency significantly diminishes
after the first cycle. In contrast, BC demonstrates
a more consistent performance across cycles,
making it a more durable adsorbent for repeated
use. Although Areca husk is less effective overall,
it may still be a cost-effective option for single-use
applications.

4. Conclusion

The synthesis and characterization of Areca
catechu husk-derived biochar (BC) and nano-
biochar (Nano-BC) have been successfully
conducted, demonstrating significant
improvements in adsorption performance. The
structural transformation from raw biomass to
Nano-BC was confirmed through XRD, FTIR, and

BET analyses, which revealed enhanced
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Figure 11. Regeneration cycle of adsorption areca
husk, biochar and nano-biochar.
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Figure 10. FTIR spectrum of biochar and nano-biochar before and after adsorption
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crystallinity, the presence of functional groups
conducive to adsorption, and a substantial
increase in surface area and porosity. The
adsorption kinetics followed a Pseudo-Second-
Order (PSO) model, indicating a chemisorption-
dominated process, while isotherm studies
confirmed favorable adsorption behavior, with
Nano-BC exhibiting the highest adsorption
capacity. Thermodynamic analyses further
validated the spontaneity and feasibility of the
adsorption process. The findings highlight the
novelty of this study in successfully synthesizing
a nanomaterial from biomass, offering an efficient
and sustainable approach to dye removal.
However, while Nano-BC possesses a high
adsorption capacity, its small particle size poses
challenges in separation post-adsorption, making
practical applications more complex. To address
this limitation, composite materials or additional
structural modifications may be required to
facilitate easier recovery in real wastewater
treatment scenarios. Future research should
investigate the adsorption performance of Nano-
BC with other selective dyes and explore
strategies to enhance its reusability and
scalability for industrial applications.
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