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Abstract

The widespread presence of BPA in water bodies poses significant environmental and health
concerns, highlighting the need for sustainable and efficient removal technologies. This study
presents an innovative approach for BPA remediation using biochar derived from king
coconut shells—a readily available agricultural waste and by-product of a popular drink in
many parts of Asia. Biochar pyrolyzed at 800 °C exhibited the highest removal efficiency,
which was significantly enhanced to 80.1 + 0.9% following HCI activation. Further reduction
of the particle size from 1.0-4.0 mm to 75—-105 um resulted in complete (100%) removal of
BPA. Batch adsorption experiments revealed optimal removal at pH 3—7, with a dosage of
5.0g/L and an initial BPA concentration of 100.0 ppm. The adsorption process was best
described by the Langmuir isotherm model (R? = 0.99), with a maximum capacity of
39.53 mg/g. Kinetic studies demonstrated that the pseudo-second-order model accurately
represented the adsorption dynamics, implying chemisorption as the rate-limiting step.
Regeneration experiments using ethanol demonstrated the reusability of the adsorbent,
maintaining over 79.6% removal efficiency after five consecutive cycles. These findings
highlight the effectiveness of KBC800-HCI as a sustainable and high-performance adsorbent,
demonstrating the broader potential of agricultural waste valorization in environmental

remediation.

Keywords
BPA removal, emerging contaminant, biochar pyrolysis, waste valorization, water treatment,

adsorption isotherm, regeneration

Highlights

¢ King coconut shell biochar used as a green adsorbent for bisphenol A removal.
e Biochar pyrolyzed at 800°C and acid-activated showed highest bisphenol A removal.
e Adsorption followed Langmuir model, indicating monolayer surface interaction.

¢ Kinetic fitted pseudo-second-order model, suggesting chemisorption mechanism.
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1.0 Introduction

Bisphenol A (BPA) is a non-natural organic molecule with the chemical structure of two phenol
rings connected by a central carbon atom (Akash et al., 2023). It is commonly used as a
precursor compound in the production of polycarbonate plastic materials and epoxy resins (Uzek
et al., 2022). BPA is utilized in the manufacturing of a wide range of consumer products,
encompassing baby feeding bottles, water containers, the inner coating of water pipes,
beverage and food cans, toys and thermal paper (Ahmed et al., 2023; Cakici et al., 2023;
Czarny-Krzyminska et al., 2023). The widespread utilization of BPA has led to its unavoidable

dispersal into the surrounding environment.

BPA environmental releases primarily occur through migration from BPA-containing products,
discharge from wastewater treatment plants, and leaching from landfill sites (Matharage et al.,
2021). Consequently, it has been detected in various types of environmental waters, with BPA
levels varying widely: from 17.2 mg/L in hazardous waste landfill leachate (Yamamoto et al.,
2001) to 42.6 pg/L in river water (Matharage et al., 2024) and 3.5-59.8 ng/L in tap water (Santhi
et al., 2012). BPA exhibits low vapor pressure (5.3 x 10¢ Pa at 25 °C); its environmental release
into the air and subsequent atmospheric dispersion are deemed insignificant (Gewurtz et al.,
2021). Under aerobic conditions, BPA exhibits a relatively short half-life of 2 to 7 days; however,
it persists as a non-biodegradable compound under anaerobic conditions (Gewurtz et al., 2021;
Matharage et al., 2024). BPA has an octanol-water partition coefficient (log Kow) of 3.32,

indicating moderate hydrophobicity and good solubility in lipids. This lipophilic nature contributes
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to its potential for bioaccumulation in aquatic organisms and raises concerns about
biomagnification and long-term ecological impacts within aquatic ecosystems (Presunto et al.,
2023).

The persistent presence of BPA in aquatic environments has raised significant environmental
concerns, mainly due to its classification as an endocrine-disrupting chemical (EDC) (Tan et al.,
2018). EDCs, including BPA, mimic or interfere with the body’s hormones, potentially leading to
adverse health effects in both wildlife and humans (Mpatani et al., 2021). For aquatic organisms,
exposure to BPA can result in reproductive dysfunctions, developmental anomalies, and altered
behavior patterns (Czarny-Krzyminska et al., 2023), thereby disrupting the integrity of aquatic
ecosystems. In humans, exposure to BPA has been linked to various health problems, including
cardiovascular diseases, diabetes, obesity, breast cancer, and reproductive disorders (Ahmed
et al., 2023; Cakicl et al., 2023).

Given these widespread and severe health concerns, there has been an increasing demand for
effective strategies to mitigate exposure to and contamination from BPA. Strategies including
coagulation/flocculation, microbial degradation, membrane filtration, advanced oxidation
processes (AOPs), and adsorption have been widely employed in previous research for the
removal of BPA from water (Martin-Lara et al., 2020; Shi et al, 2022). The
coagulation/flocculation process is widely employed in water treatment plants to reduce pollutant
concentrations (Barzegari et al., 2016). Xiaoying et al. (2009) reported BPA removal by
polyaluminum chloride (PACI-Al;3) coagulation, achieving 32.2% removal at pH 9.0 using a
dosage of 12 mg/L. Their application may introduce secondary chemical agents or generate
reactive intermediates, potentially intensifying ecological risks (Zhao et al., 2024). Bacteria,
fungi, and algae have shown considerable potential for BPA biodegradation (Zielihska et al.,
2019). Kang and Kondo (2002) reported that Pseudomonas sp. and Pseudomonas putida
achieved nearly 90% removal efficiency. However, this process can produce intermediates such
as p-hydroxyacetophenone, hydroxybenzaldehyde, p-hydroxybenzoic acid, hydroquinone, and
phenol, which are more toxic than BPA itself (Zielihska et al., 2019). Moreira et al. (2020)
reported that the reverse osmosis (RO) membrane achieved 84% removal of BPA. Although
membrane filtration is considered safe, its high energy requirements make it economically less
feasible (Ahmad et al., 2023). Various AOPs have been investigated for BPA removal, with the
05/H,0, system achieving 78% efficiency, while S,0427/UV-C and H,0,/UV-C systems
demonstrated removal rates ranging from 52% to 85% (Moreira et al., 2020). While AOPs are
highly efficient in degrading BPA, their use involves complex equipment, significant energy and

chemical demands, and the risk of forming harmful by-products (Matharage et al., 2025).
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The Environmental Protection Agency (EPA) has identified adsorption as one of the most
efficient techniques for removing organic and inorganic substances from water (Gémez-Serrano
et al., 2021). Adsorption is a competitive technique for the removal of BPA, characterized by its
operational robustness, cost efficiency, high effectiveness, and lower production of hazardous
by-products (Shi et al., 2022). Carbon-based materials, including activated carbon, carbon
nanotubes, graphene oxide, and related derivatives, have been extensively studied in recent
research as effective adsorbents for removing BPA (Zhao et al., 2024). Balarak et al. (2019)
demonstrated that graphene oxide effectively adsorbed BPA, achieving a removal efficiency of
98.8 + 0.62% at an initial concentration of 10 mg/L. Martin-Lara et al. (2020) reported that the
adsorption of BPA using commercial activated carbon AC-40 achieved 93% removal at a dosage
of 0.75 g/L. However, the existing carbon-based adsorbents have not fully met the urgent need
for cost-effective removal of BPA (Shi et al., 2022). Consequently, the development of low-cost
carbonaceous materials with enhanced adsorption capacity is of significant research interest.

In this context, utilizing biochar as an adsorbent for BPA removal offers a promising alternative.
Biochar, a carbon-dense substance derived from the pyrolysis of organic biomass under limited
oxygen conditions, has attracted considerable scientific interest for its potential applications in
environmental remediation (Khaokomol et al., 2020). Its porous structure and high surface area
make biochar an efficient adsorbent for a wide range of organic contaminants (Tan et al., 2021).
Recently, biochar has been examined for its potential as a cost-effective adsorbent due to its
broad accessibility, sustainable nature, robust stability, ease of synthesis, and rich content of
oxygen-containing functional groups (Shi et al., 2022). These properties make it an effective

replacement for conventional carbon adsorbents.

Specifically, the use of biochar derived from King coconut shells presents an innovative
approach to BPA removal. King coconut, scientifically known as Cocos nucifera var. aurantiaca
and originating from Sri Lanka, is esteemed for its hydrating and sweet water (Dissanayaka et
al., 2023). By 2020, it had emerged as one of Sri Lanka's fastest-expanding export goods,
contributing significantly to the economy with a foreign exchange revenue of Rs. 600 million
(Jayasinghe et al., 2022). Factories engaged in bottling King coconut water for export generate
substantial amounts of King coconut waste (Dissanayake et al., 2019). This waste, which is not

commercially valuable, accumulates in factories and waste dumps (Ekanayaka et al., 2023).

This study presents a sustainable and low-cost approach to removing BPA from aqueous
environments using chemically activated king coconut biochar. The novelty of this study lies in
employing biochar produced from an underutilized biowaste resource—king coconut nut
waste—and enhancing its adsorption performance through chemical activation for the removal

of emerging contaminants such as BPA. By converting a regionally abundant agricultural waste
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into a high-performance adsorbent, the research offers a practical and eco-friendly solution for

water purification, particularly in resource-constrained settings.

Notably, this is the first study to investigate the application of king coconut-derived biochar for
BPA remediation, thereby addressing a significant research gap in the development of
sustainable adsorbent materials. To comprehensively evaluate its potential, the study examines
the adsorption capacity of the modified biochar, the influence of critical operational parameters
(pH, biochar dosage, and initial BPA concentration), and the adsorption kinetics to elucidate the
underlying removal mechanisms. In addition to its high adsorption efficiency, the study also
demonstrates the reusability of the developed biochar through regeneration experiments,
confirming its applicability in repeated treatment cycles without significant loss in performance.
These findings highlight the long-term feasibility and economic viability of the material for real-

world water treatment applications.

Overall, this research contributes to the advancement of green remediation technologies by
offering a dual environmental benefit: valorization of agricultural waste and effective mitigation
of BPA contamination in water systems. The outcomes align with circular economy principles
and global sustainability goals, supporting efforts to reduce pollutant exposure in aquatic

ecosystems and safeguard public health.

2.0 Materials and Methods

2.1 Chemicals and Materials

Bisphenol A (4,4'-isopropylidenediphenol, 99%) was obtained from Sigma-Aldrich, USA. High-
performance liquid chromatography (HPLC) grade solvents including methanol, ethanol,
acetone, dichloromethane, and as well as chemicals such as hydrochloric acid (37%), sulfuric
acid (98%), and nitric acid (69—72%) were procured from Sigma-Aldrich, USA. Sodium sulfate
anhydrous (500 g, 99%) and sodium hydroxide (500 g, 98%) were procured from Techno
Pharmchem (India). A 200.00 mg/L BPA standard solution was prepared using deionized (DI)

water.

2.2 Biochar preparation

The King coconut nut waste was collected from the local suppliers. They were cleaned and cut
into pieces. These pieces were uniformly dried in a drying oven at 105°C until a constant mass
was achieved. After drying, the pieces were placed in a covered crucible and subjected to
pyrolysis at four distinct temperatures (300 °C, 500 °C, 700 °C, and 800 °C) in a muffle furnace
(Barnstead Thermolyne 6000 Muffle Furnace) (Fernando et al., 2021; Li et al., 2021; Wang et

al., 2019). The biomass was heated at a rate of 7 °C per minute and maintained at that

6
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temperature for 2 h (Matharage et al., 2025; Vithanage et al., 2015). The biochar synthesized at
each temperature was left in the furnace to cool overnight. Afterward, it was rinsed with DI water
to remove impurities (mainly residual ashes). It was then ground and sieved to obtain particles
in the range of 1.0 to 4.0 mm. The prepared biochar samples were labelled as KBC300, KBC500,
KBC700, and KBC800, correlating to their respective pyrolysis temperatures.

The biochar yield was determined using the Equation 1:

1%
Biochar yield (wt%) = WZ x 100 (D
1

Where W, represents the dry weight of the king coconut, and W, denotes the weight of the

resulting biochar.

2.3 Biochar modification

The King coconut biochar, processed at 800 °C, underwent separate treatments with both acidic
and alkaline activators, employing solutions of 1.0 M sulfuric acid, 1.0 M hydrochloric acid, 1.0 M
nitric acid, and 1.0 M sodium hydroxide, each for 24 h at ambient temperature (Araissia et al.,
2023; Baharim et al., 2023). Following treatment, the adsorbents were filtered, rinsed extensively
with DI water to achieve a final pH of 6—7, and then dried in a drying oven at 105 °C for 24 h. The
biochar was ground into a fine powder and sieved to achieve a particle size of 75-105 ym. The
samples were stored in a sealed container at room temperature until further analysis and

experimental use.

2.4 Physical and chemical characterization of biochar

Proximate analysis was employed to characterize the biochar, focusing on its moisture content,
ash content, volatile matter, and fixed carbon levels. The methods for proximate analysis,
electrical conductivity and pH levels are summarized in the Supplementary Materials (see
Supplementary Methods S1, S2, S3, S4 and S5).

The morphology and surface elemental composition of the King coconut biochar pyrolyzed at 800
°C and then activated with HCI (KBC800-HCI) were analyzed using Environmental Scanning
Electron Microscopy (ESEM- Carl Zeiss, EVO 18, Secondary Electron Microscope, Germany)
combined with Energy-Dispersive X-ray Spectroscopy (EDX Z1 analyser, USA).



234
235
236

237

238
239
240

241

242
243
244

245

246

247
248
249
250

251
252
253
254

255
256
257

258
259
260

261
262
263

264
265

266
267

The functional groups and chemical bonds were analyzed using Fourier Transform-Infrared
Spectroscopy (FT-IR, ALPHA Bruker, Germany) in transmittance mode, covering a spectral

range of 4,000 to 400 cm™, with samples prepared as KBr pellets.

The phase of KBC800-HCI was determined through X-ray Powder Diffraction (XRD-D8, ECO,
Advance Bruker Diffractometer with filtered Cu Ka radiation, Germany) wavelength 1.5406 A, at

20 range of 10-80° and scanning speed of 2° (28) per minute.

Differential Scanning Calorimetry (DSC) combined with Thermogravimetric analysis (TGA) was
conducted with the SDT Q600 V20.9 Build 20 (TA Instruments, USA) using nitrogen as the carrier
gas and heating rate at 10.00 °C/min to 1200.00 °C.

2.5 Batch adsorption experiments

Batch adsorption experiments were conducted to evaluate the performance of each biochar in
removing BPA from aqueous solution. In a typical experiment, 0.50 g of biochar and 100 mL of
100 mg/L BPA solution (pH 6—7) were placed in 250 mL conical flasks and shaken at 150 rpm

for 2 hours at 30 °C using a rotary shaker.

To evaluate the effect of different parameters on BPA removal and identify the optimal
experimental conditions, a series of preliminary tests were conducted by varying solution
conditions. These investigations were carried out using KBC800 biochar activated with HCI
(KBC800-HCI).

1) The effect of initial BPA concentrations (50.00-200.00 mg/L) on removal efficiency were
assessed using 100 mL solutions with 0.5 g adsorbent, pH 6—7, 120 min contact time, at
30 °C.

2) The effect of contact time (10—-100 min) at 10-minute intervals on BPA removal was
studied using 0.5 g of biochar in 100 mL of 100.00 mg/L BPA solutions at 30 °C and pH
6-7.

3) The effect of initial pH (3—11) on BPA adsorption was investigated in 100 mL of 100 mg/L
BPA solutions, with the pH adjusted using 0.1 M HCI or 0.1 M NaOH before adding
KBC800-HCI.

4) The effect of adsorbent dosages (1.0-10.0 g/L) on BPA removal was evaluated using 100
mL of 100 mg/L BPA solution at 30 °C and pH 6-7.

The concentration of BPA before and after adsorption were measured using a UV-Vis
spectrophotometer (GENESYS 10S UV-VIS, Thermo Scientific) at a wavelength of 277 nm and

8
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Gas Chromatography/Mass Spectrometry (GC-MS), employing the Thermo Scientific GC (Trace
1300) coupled with a MS (1ISQ 7000 Single Quadrupole Mass Spectrometer). All tests were

performed in triplicate.

The adsorption capacity and the removal efficiency percentage were determined using Equations

2 and 3, respectively.

CO - Ce
M

qe = xV 2)

CO_ Ce

0

RE =

x 100 3)

Where ge represents the quantity of BPA adsorbed (mg/g), Co is the initial concentration of the
adsorbate (mg/L), Ce is the equilibrium concentration of the adsorbate (mg/L), V is the volume of
the solution (L), and M is the mass of the adsorbent (g). RE represents the percentage of BPA

removal efficiency.

The BPA extraction and analysis using GC-MS followed the procedures outlined in Matharage
et al. (2024) and ASTM D7065-17 standard test method (ASTM, 2018) with maodifications. The
GC operating parameters and quality assurance and quality control procedures are outlined in

the Supplementary Materials (see Supplementary Method S6 and S7, respectively).

2.6 Determination of point of zero charge (pHpzc) of KBC800-HCI

The point of zero charge (pHezc) for KBC800-HCI was evaluated through the pH drift technique,
following the method outlined by Jedynak and Charmas. (2024) and Santana et al. (2017) with
modifications. The procedure for determining the pHpzc is summarized in the Supplementary
Materials (see Supplementary Methods S8). The final pH (pHs) of the suspensions was plotted
against the initial pH (pHi). The pHpc is identified as the pH at which the curve intersects the line

where the initial pH equals the final pH (Santana et al., 2017).

2.7 Mathematical modeling

2.7.1 Isotherm studies

The equilibrium data obtained were evaluated using the Langmuir, Freundlich, Dubinin—
Radushkevich (D-R), and Temkin isotherm models. The linearized forms of these models were
fitted to the experimental data using linear regression in OriginPro-2021. The model that showed
the highest correlation coefficient (R2) was considered the best fit to describe the adsorption
behavior of KBC800-HCI for BPA removal.
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The linear form of the Langmuir model is expressed in Equation 4 (Inyinbor et al., 2016). The

Langmuir isotherm is characterized by the dimensionless separation factor (R.), as shown in

Equation 5.
e Lyt 4)
qe dm ¢ KL dm
R, = — >
L7 1+ ¢k, ®)

Where ¢e is the equilibrium adsorption capacity of the adsorbent (mg/g), gm is the maximum
adsorption capacity (mg/g), Ce is the equilibrium adsorbate concentration (mg/L), K. is the
Langmuir constant (L/mg) related to the affinity of the binding sites and Co is the initial BPA
concentration (mg/L) (Fachina et al.,, 2020). The R_ value determines whether the type of
isotherm is unfavourable (R > 1), linear (R. = 1), favourable (0 < R. <1) or irreversible (R. = 0)
(Balarak et al., 2019; Gémez-Serrano et al., 2021).

The linear form of the Freundlich model is presented in Equation 6 (Syala et al., 2024).

1
In q, =anF+1—llnCe (6)

Where K; is the Freundlich isotherm constant (mg/g), and n is the adsorption intensity. The n
value serves as an indicator of the adsorption mechanism. Adsorption is considered favorable
when n is between 2 and 10, moderately difficult when between 1 and 2, and poor when less
than 1 (Kakavandi et al., 2013).

The linear form of the D-R model is expressed in Equation 7 (Inyinbor et al., 2016).

Ing, =Ingy, — ﬁgz @)
Where gnm is the maximum adsorption capacity (mg/g), B is the activity coefficient (a constant
related to the adsorption energy) (mol?/kJ?), and € is the Polanyi potential (kJ> mol?). € and E

are given by Equations 8 and 9.
1
s=RTln(1+ —) (8)
Ce

V2B
Where R is the molar gas constant (J/mol K), T is the temperature (K) and E is the mean sorption
energy (kJ/mol). If E < 8 kJ/mol, physisorption occurs, and if 8 < E < 16 kJ/mol, chemisorption

occurs (Saleh, 2022).

The Temkin model is presented in Equations 10 and 11 (Karim et al., 2024; Uzek et al., 2022).

10
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RT RT

qe = E InAr +E InC, (10)
RT
= b (11)

Where At is the equilibrium binding constant of the Temkin isotherm (L /g), bt is the Temkin
isotherm constant, T is the temperature (K), and B is the constant related to the heat of sorption
(J/mol).

2.7.2 Kinetic studies

Kinetic modeling can elucidate the mechanisms of BPA adsorption and help determine the rate-
limiting steps in the adsorption process (Inyinbor et al., 2016). The kinetic data were examined
using the pseudo-first-order, pseudo-second-order, and Weber and Morris's intraparticle
diffusion models. The linearized forms of the models were fitted to the experimental data using
linear regression in OriginPro 2021. The linear forms of these kinetic models are expressed in
Equations 12, 13, and 14, respectively.

In(qg. — qr) = Inq, — kyt (12)
t_ 1 + 4 (13)
q:  kyql  qe
qe = K,t*?* + C (14)

Where ge is the quantity of BPA adsorbed on the adsorbent at equilibrium (mg/g), q: is the
quantity of BPA adsorbed on the adsorbent at time t (min) (mg/g), ki is the adsorption rate
constant of pseudo-first-order model (min=?), and k; is the adsorption rate constant of pseudo-
second-order model (g/mg/min). Furthermore, C is related to the thickness of the boundary layer
(mg/g) and K, (mg/g-min'?) is the intra-particle diffusion rate constant of Weber and Morris's

intra-particle diffusion model.

2.8 Regeneration studies

Batch adsorption-desorption tests were performed to assess the efficacy of the adsorbent in the
removal of BPA, focusing on its regeneration and desorption capabilities. The desorption and
regeneration of KBC800-HCI were conducted over five consecutive cycles. Desorption was
achieved by washing the KBC800-HCI with various solutions, including ethanol, methanol, 50%
ethanol, 50% methanol, 0.1 M HCI, and 0.1 M NaOH (Fachina et al., 2020).

11
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The batch experiments were carried out by employing 0.50 g of KBC800-HCI in 100 mL of BPA
solution with a 100 mg/L concentration, and the contact time was 60 minutes at 30 °C. The stirring
speed was set at 150.0 rpm. Following the adsorption, KBC800-HCI was allowed to settle at the
flask bottom before removing the supernatant. The KBC800-HCI was rinsed with DI water and
oven-dried for 3 hours at 70°C. Subsequently, 100 mL of the regenerating solution was
introduced to the KBC800-HCI and placed on the rotary shaker at 150 rpm for 60 minutes. The
regeneration solution was decanted, and the KBC800-HCI solid underwent two washes with DI
water, followed by decanting. The adsorbent-containing flask was oven-dried until a stable weight
was reached. The weight of the flask was noted prior to commencing a subsequent adsorption
and desorption cycle. Throughout the process, the weight reduction of KBC800-HCI was
minimized (less than 0.01 g). The BPA adsorptions were determined after each adsorption cycle,
and this entire procedure was repeated for five regeneration cycles.

3.0 Results and Discussion

3.1 Biochar preparation

Biochar yields reduced with increasing pyrolysis temperatures, as higher temperatures typically
lead to greater decomposition of organic components within the biomass by creating more
favorable sites (Wantaneeyakul et al., 2021). At 300 °C, the biochar yield was 55.05 + 0.38 wt%,
significantly higher than at 500 °C (46.32 + 0.64 wt%) and 700 °C (38.73 + 0.39 wt%). This trend
is attributed to the increased decomposition within the elevated temperature range of 500-700
°C. The impact of temperature on biochar yield diminishes from 500 to 600 °C because primary
fractions of hemicellulose, cellulose, and some lignin have already decomposed by 500 °C. At

a pyrolysis temperature of 800 °C, biochar yield further reduced to 34.18 + 0.32 wt%.

The BPA removal efficiency of biochar also varied with pyrolysis temperature. Prior to chemical
activation, the BPA removal percentages for KBC300, KBC500, KBC700, and KBC800 were
42.0 £ 1.2%, 52.1 + 1.3%, 60.2 + 1.5%, and 70.1 + 0.9%, respectively. Biochar produced by
pyrolysis at 800 °C demonstrated superior effectiveness as an adsorbent for BPA removal
compared to the other adsorbents. With increasing pyrolysis temperatures, the carbon content
in the biochar increased as a result of the decomposition of oxygenated and nitro groups
(Wathudura et al., 2020). Choi and Kan (2019) demonstrated that the development of porous
structures in biochar, as well as its surface area, improved significantly with higher pyrolysis
temperatures. Similarly, Wang et al. (2019) noted an increment in the pore volume of biochar
corresponding to higher pyrolysis temperatures. Therefore, elevating the pyrolysis temperature
facilitated an increase in both the pore volume and surface area of the biochar, thereby

improving the availability of adsorption sites for BPA (Chen et al., 2017). Based on its high
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adsorption capacity, the biochar produced at 800°C was selected as the most suitable

adsorbent for subsequent adsorption experiments.

3.2 Biochar modifications

Chemical activation through acid and alkali treatments has been shown to significantly improve
the physicochemical properties of biochar. Such treatments enhance or generate porosity,
increase pore volume, expand surface area, and boost fixed carbon content (Bushra & Remya,
2020). This improvement results from the removal of contaminants from the biochar surface,
including mineral ash, metals, organic compounds, and volatile carbon (Ajien et al., 2023). After
chemical activation, BPA removal efficiency improved to 74.1 = 1.2% with NaOH, 75.7 + 0.8%
with H2SO4, 76.4 + 1.1% with HNO3, and 80.1 £ 0.9% with HCI. This improvement translates
into an increase in the percentage of BPA removal of 4.1%, 5.6%, 6.3%, and 10.0% with NaOH,
H.S04, HNO3, and HCI, respectively. These values are in comparison to the performance of the
unmodified KBC800. Therefore, KBC modified with HCI showed the highest BPA removal
efficiency among the tested materials. Ajien et al. (2023) elaborated that acid activation of
biochar leads to the removal of O, S and H, which in turn enhances the aromaticity while
reducing aliphatic properties. Hence, the acid modification of biochar enhanced BPA adsorption
via -1 electron donor/acceptor interactions. Vithanage et al. (2015) reported that the surface
area of biochar increased 285 times due to sulfuric acid activation.

Furthermore, for KBC800 activated with HCI, reducing the particle size from 1.0—4.0 mm to 75—
105 um enhanced the BPA removal efficiency from 80.1 £ 0.9% to 100%. This enhancement in
removal efficiency is attributed to the increased surface area. Based on these findings, the
biochar produced at 800 °C, chemically activated with HCI, and with a particle size of 75—-105 pm
was selected for subsequent adsorption experiments, as it achieved complete removal of BPA

under the tested conditions.

3.3 Physical and chemical characterization of biochar

The proximate composition of king coconut nuts, including moisture, volatile matter, ash, and
fixed carbon content, is presented in Table 1. The high volatile matter and fixed carbon contents
suggest strong potential for efficient thermal decomposition and high carbon yield during
pyrolysis. The previous study by Dissanayake et al.(2019) reported that the king coconut nut
waste contains 83.23 + 0.38 wt% volatile matter, 6.06 = 0.34 wt% ash, and 10.61 + 0.05 wt%
fixed carbon. The type of pyrolysis process used significantly impacts the levels of volatile
compounds and carbon content in the material. Slow pyrolysis leads to fewer volatile substances

and more fixed carbon than fast pyrolysis (Maia et al., 2011). As a result, carbon levels increase
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through processes such as dehydration, decarboxylation, and condensation (Bushra & Remya,
2020).

The biochar produced at different temperatures showed significantly high electrical conductivity
and alkaline pH. Conductivity exhibited a marked increase, from 1.60 + 0.04 mS/cm for KBC
300 to 12.86 £ 0.06 mS/cm for KBC 800. The pH of KBC 300 was observed to be 6.56 + 0.01,
increasing progressively with higher carbonization temperatures to reach 10.47 + 0.02 for KBC
800. This high conductivity is attributed to substantial levels of potassium (K) and other cations
within the king coconut biochar (Dissanayake et al., 2019). The abundance of potassium in the
biochar was also confirmed by EDX analysis of the KBC800-HCI. An elevated pH level in biochar
indicates a higher concentration of alkaline salts or minerals (such as K, Ca, Mg and Na) within
biochar (Mujtaba et al., 2021). The alkaline cations in the biomass are significantly conserved
within the biochar due to the reduction of C, H, and O as pyrolysis progresses.

Figure 1a and 1b display the SEM images of KBC800-HCIl. The SEM images showed that
KBCB800-HCI exhibited a honeycomb-shaped porous structure and a large number of well-
defined macro and micro-pores with clear pore walls. The porous structure is relatively regular
and there are few impurities in the pores. As the pyrolysis temperature increases, the residual
biomass undergoes gradual decomposition, and the elimination of volatile compounds
enhances the pore volume. Generally, high-temperature biochar is characterized by porous
structures with a large surface area (Li & Chen, 2018). There are no observable morphological
differences in KBC800-HCI before and after the adsorption of BPA. This absence of visible
changes might be attributed to BPA adsorption onto the inner walls of the tube-like structure,
which makes morphological changes not readily visible from the surface. Garikoé et al. (2022)
similarly reported the absence of discernible morphological differences in SEM images following
the adsorption of BPA.

The EDAX analysis of KBC800-HCI shows that surface was primarily comprised of carbon (C)
(67.14 wt.%), oxygen (O) (8.94 wt.%), potassium (K) (11.75 wt.%), chlorine (Cl) (4.30 wt.%),
silicon (Si) (3.33 wt.%), sodium (Na) (1.74 wt.%), calcium (Ca) (1.63 wt.%), magnesium (Mg)
(0.69 wt.%) and phosphorus (P) (0.49 wt.%). Furthermore, the EDX analysis indicates an
18.63% increase in the weight percentage of carbon (C) after the BPA adsorption (BPA-
KBC800-HCI). The EDAX image of KBC800-HCI and BPA-KBC800-HCI are provided in the
Supplementary Materials (see Figure S1 and Figure S2).

The diffractogram exhibited a broad, scattered peak within the range of 26 = 20-28°,
characterized as graphitic carbon (Jafer et al., 2019). The broad and scattered peaks suggest

that the analyzed samples exhibit low crystallinity and an amorphous nature. The three broad
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diffraction peaks at approximately 26 =9-15°, 20-28°, and 40-45°, correspond to the (110)
plane with an interlayer spacing of 0.74 nm, the (002) plane with an interlayer spacing of 0.36
nm and the (100) plane with an interlayer spacing of 0.21 nm, respectively (Shi et al., 2022).
These are the characteristic peaks of amorphous carbons (Adorna Jr et al., 2020). Figure 2
displays the Diffractogram of KBC800-HCI.

The TGA and DSC curves for KBC800-HCI under a nitrogen atmosphere are presented in Figure
3. These curves reveal distinct thermal behaviors due to variations in composition. The
decomposition of KBC800-HCI predominantly occurred between 200 and 568 °C, with the
highest mass loss rate reaching 1.61%/min from 551-557 °C. Analyzing the biochar through
TGA reveals three distinct stages of mass loss. The initial mass loss of 20.5 wt.% observed
between 25 and 100 °C is attributed to moisture evaporation. The most substantial loss,
accounting for 63.8 wt.%, occurred between 270-560 °C corresponding to the conversion and
combustion of the carbon-based structure into CO; (Araissia et al., 2023). A final minor loss of
6.0 wt.% is associated with the presence of a well-structured carbon network. In summary, this
biochar, categorized as an amorphous carbon-rich material, experienced a total mass loss of
92.0 wt.%, leaving an 8.0 wt.% residue, which is attributed to the residual metal content from
the original biomass (Araissia et al., 2023). The shoulder observed in the TGA curve (200-400
°C) indicates simultaneous degradation of cellulose and hemicellulose (Shariff et al., 2016).
Beyond 400 °C, mass loss is attributed to lignin degradation and material carbonization (Choi &
Kan, 2019; Wantaneeyakul et al., 2021).

In the analysis of DSC curves, the heat flow measurements reveal an initial endothermic process
between 25 °C and 100 °C. Subsequently, an exothermic fluctuation is observed in the
temperature range of 400 to 600 °C. Towards the end of the curve, another exothermic
phenomenon is evident around 450 °C. This pattern is attributed to the evaporation of water and
light volatiles at the first peak, followed by the decomposition of hemicellulose, cellulose, and

lignin at the second peak (Boumanchar et al., 2017).

The characteristic peaks of BPA, KBC800-HCI, and BPA-adsorbed KBC800-HCI (BPA-
KBCB800-HCI) were observed in the FTIR spectra in the range of 4,000-400 cm. In Figure 4,
the 3401 cm™ broad band observed in the pure BPA spectrum is attributed to the O—H
stretching of self-hydrogen-bonded OH groups. The doublet appearing at 3065 and 3026 cm
is the result of the stretching vibrations of the aromatic CH groups. Moreover, the CHs group
exhibits its characteristic asymmetric and symmetric stretching vibrations at 2969 and 2873 cm-
1 respectively. The peak at 1606 cm™ is related to the skeletal vibration of aromatic C=C bonds
(Xu et al., 2012).
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The peak detected at 439 cm™ in KBC800-HCI and at 443 cm™ in BPA-KBC800-HCI can be
assigned to the C—CI stretching vibration associated with the presence of organochlorine
compounds within the KBC800-HCI (Mujtaba et al., 2021). The peak at 1569 cm™ in the
KBC800-HCl is related to the stretching vibrations of C=C in aromatic rings, which are indicative
of the aromatic structure of biochar (Gamiz et al., 2019; Xu et al., 2012). As biochar undergoes
pyrolysis, it becomes increasingly aromatic and carbonaceous (Janu et al., 2021). Therefore, it

also confirms the presence of aromatic structure in the KBC800-HCI.

Following the adsorption of BPA onto KBC800-HCI, a characteristic broad band appeared at
3791 cminthe FTIR spectrum, providing conclusive evidence of BPA adsorption onto KBC800-
HCI. When BPA is adsorbed onto the biochar surface, the interaction with the biochar may cause
modifications in the hydrogen bonding or molecular conformation of BPA, shifting the O—H
stretching vibration peak to a higher wavenumber, such as 3791 cm™. The peak associated with
the skeletal vibration of the aromatic C=C bonds shifted from 1606 to 1566 cm and broadened
upon adsorption. These new peaks that appeared in the BPA-KBC800-HCI confirm the
adsorption of BPA onto the KBC800-HCI.

3.4 Effect of contact time and initial concentration on BPA removal

The adsorption process is segmented into two phases: an initial rapid phase within the first 40
minutes, followed by a slower phase that extends to equilibrium at 60 minutes. This rapid phase
is facilitated by the abundance of active binding sites available on the surface of the adsorbent
(Balarak et al., 2019). However, as the process progresses into the second phase, the
availability of free-binding sites is reduced. This leads to a slower adsorption rate and decreased
effectiveness due to increased competition among the BPA molecules. The amount of BPA
adsorbed over the contact time range of 10 to 100 minutes and the initial BPA concentration of
50.0 to 200.0 mg/L is shown in Figure 5a.

The removal of BPA gradually increased during 50.0—-100.0 mg/L due to the sufficient adsorption
sites. The adsorption capacity was close to the maximum when the concentration was 100.0
mg/L. As the BPA concentration surpassed 100 mg/L, a decline in the adsorption percentage
was observed. In contrast, when BPA concentrations were below 100.0 mg/L, retention was
higher because the pores on the KBC800-HCI surface were almost fully occupied. However, at
high BPA concentrations, the pores on the KBC800-HCI surface became saturated, causing

some BPA to remain unadsorbed.

At an initial concentration of 50.0 mg/L, the removal efficiency of BPA is 99.99 * 0.01%. When

the concentration increased to 100.0 mg/L, the removal efficiency reached 100.00%. However,
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as the concentration increased to 125.0 mg/L, the removal efficiency slightly decreased to 99.96
+ 0.01%. Subsequently, at concentrations of 150.0 and 200.0 mg/L, the removal efficiencies
dropped to 99.45 + 0.02% and 98.16 £ 0.02%, respectively (Figure 5b).

3.5 Effect of adsrobent dosage on BPA removal

Initially an increase in KBC800-HCI dosage enhanced BPA removal percentage. At a dosage of
1.0 g/L, BPA removal was 30.4 + 1.0%. Increasing the dosage to 3.0 g/L raised removal to 84.1
+ 0.5%, and at 5.0 g/L, BPA removal reached 100.0%. When the dosage of biochar was further

increased to 8.0 g/L and then to 10.0 g/L, the removal rate remained constant at 100%.

The increase in BPA removal percentage can be attributed to the higher amount of KBC800-
HCI, which expands the specific surface area available for adsorption and increases the number
of active adsorption sites (Balarak et al., 2019). Simultaneously, the individual adsorption
capacity of BPA by KBC800-HCI may decrease at higher adsorbent dosages. This occurs
because, in situations where solutes are limited, an excess of adsorbent not only competes for
solutes but also interferes with the availability of effective adsorption sites on the biochar
surface, leading to overlap (Wang & Zhang, 2020). The optimal dosage was chosen as 5.0 g/L
as the BPA removal percentage became 100%. The effect of the adsorbent dosage on the
removal of BPA is illustrated in Figure 5c.

3.6 Effect of initial solution pH on BPA removal

The observations indicate a 100% BPA adsorption within the acidic pH range, followed by a
decrease from pH 7 to pH 9 and a further decline in basic pH conditions. The BPA removal was
decreased from complete removal to 84.8 + 0.5% as the solution pH increased from pH 7 to pH
9. As the solution pH was further increased to 11, the BPA removal efficiency dropped to 35.6
+ 0.9%. The optimal percentage of BPA removal was observed at pH 3-7. The impact of the
initial solution pH on BPA removal within a contact time range of 10 to 100 minutes is illustrated

in Figure 6a.

This pattern is likely influenced by the pKa value of BPA, where hydroxyl ions compete with BPA
molecules for active sites on biochar at basic pH (Balarak et al., 2019). The initial rapid
adsorption is attributed to abundant active sites and a potent driving force, which facilitates rapid
BPA transfer onto the biochar's surfaces and pores. However, a subsequent decrease in
adsorbed BPA suggests that there are fewer available sites and a weaker driving force. At a pH
below 8, BPA exists in its molecular form (Borrirukwisitsak et al., 2012). The initial deprotonation
occurred around pH 8, followed by the second deprotonation around pH 9 (Chang et al., 2012).

Following deprotonation, the majority of BPA molecules were primarily converted into mono- or
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divalent anions (Xu et al., 2012). In such scenarios, the adsorbent also acquires a negative
charge. Therefore, the presence of repulsive electrostatic forces between the adsorbent and the
BPA could explain the decrease in the removal of BPA under highly alkaline pH conditions
(Fachina et al., 2020; Jafer et al., 2019). Choi and Kan (2019) explained that the strong
adsorption of BPA onto biochar in the pH range of 3 to 5 is believed to be predominantly due to
-7 interactions and hydrophobic forces, given the neutral charge of BPA and the hydrophobic
characteristics of biochar. Since BPA removal is 100% at pH 3, 5, and 7, adjusting the solution
pH is not required for the adsorption process. Therefore, neutral pH is considered the ideal level

for BPA removal.

3.7 Point of zero charge (pHpzc) of KBC800-HCI

The surface charge and chemical properties of an adsorbent in water undergo significant
changes with pH, making it crucial to ascertain the point of zero charge (pHzc) (Phuong & Loc,
2022). The pHp,c of KBC800-HCI was determined to be 6.8, as shown in Figure 6b. This value
signifies the pH at which the surface of KBC800-HCI achieves overall electrical neutrality. Below
this pH, the surface typically carries a positive charge, whereas above it, the surface becomes
negatively charged (Martin-Lara et al., 2020; Phuong & Loc, 2022). Consequently, when the pH
is below 6.8, the surface of KBC800-HCI exhibits positive charges. Conversely, negative
charges develop on the KBC800-HCI surface when the pH exceeds 6.8. At a pH of 8, KBC800-
HCI exhibits a negative charge on the surface because the medium's pH exceeds the pH,c of
KBC800-HCI. Within the pH range of 8 to 11, both BPA and KBC800-HCI carry negative
charges, resulting in a decrease in BPA adsorption. This decline is attributed to electrostatic
repulsion. When pH values approach the pHz,c, the adsorbent's surface charge density becomes
zero, enhancing the interaction between the KBC800-HCI surface and BPA molecules, thus

promating their adsorption (Alves et al., 2019; Jedynak & Charmas, 2024).

3.8 Adsorption isotherm studies

Several types of isotherm models are frequently employed to elucidate the adsorption process,
each providing unique insights into the adsorption mechanism, the surface characteristics of the
adsorbent, and the potential capacity of the adsorbent for BPA. Table 2 presents the isotherm
parameters for each adsorption isotherm model, while Figure 7 illustrates the BPA adsorption

isotherm models.

The correlation coefficient (R?) values determined for the Langmuir, Freundlich, Temkin, and D-
R isotherms are 0.99, 0.81, 0.96, and 0.84, respectively. The R2 value of 0.99 suggests a strong
fit of the experimental data to the Langmuir model, confirming that adsorption occurs at specific

homogeneous sites within the adsorbent (Syala et al., 2024). The maximum adsorption capacity
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(am) is 39.53 mg/g. It suggests that the KBC800-HCI has a relatively high capacity for the BPA
under the studied conditions. The K. value is 25.30 which indicates a stronger affinity between
BPA and KBC800-HCI. The R value signifies that the adsorption process is highly favorable, as
R. falls within the range 0<R <1 (Uzek et al., 2022).

It is evident from the Freundlich isotherm results that the n value is between 2 and 10, indicating
that the adsorption of BPA onto KBC800-HCI is favorable. The mean free energy of adsorption
(E) is 10.93 kJ/mol, as determined by the results of the Dubinin-Radushkevich adsorption
isotherm. This value falls within the range of 8 to 16 kJ/mol, which typically indicates that the
adsorption mechanism in this system is predominantly chemisorption (Al-Musawi et al., 2022).
However, the R? values suggest that the experimental data do not align with the Freundlich and
Dubinin-Radushkevich adsorption isotherm models.

The R? of 0.96 suggests that the Temkin isotherm model aligns more closely with the
experimental data than the Freundlich and Dubinin-Radushkevich isotherms. The As is related
to the maximum binding energy of the adsorption process. A high At value, such as 9.90 x 103
L/g, suggests that the initial adsorption energy is significant. The B value in the Temkin isotherm
is related to the heat of adsorption; it indicates how the adsorption energy changes as the
coverage of the adsorbent surface increases (Ahmed et al., 2023). The B value of 3.74 suggests
a moderate change in the heat of adsorption as the surface coverage increases. The bt value
is 673.57 J/mol (bt > 1 J/mol), confirming that the adsorption process is exothermic (Hayoun et
al., 2021).

3.9 Kinetic stuides

The pseudo-first-order kinetic model for BPA adsorption is presented in Figure 8a. The first-
order rate constant (ki) was identified as 0.13 min, with a R? value of 0.89. A mismatch was
observed between the experimentally measured equilibrium adsorption capacity (ge(exp)),
recorded as 19.96 mg/g, and the theoretical value calculated (ge(cal)), which was only 9.94
mg/g. The low R2 value and the discrepancies between the experimental and theoretical
adsorption capacities highlight the inadequacy of the pseudo-first-order model in accurately

describing the kinetic behavior of BPA adsorption.

Figure 8b displays the pseudo-second-order kinetic model for BPA adsorption. The graph of t/q;
versus t yields a straight line with a high R? value of 1.0. Moreover, ge(cal) of 20.16 mg/g closely
matches the ge(exp) of 19.96 mg/g. These findings suggest that the pseudo-second-order model

more accurately represents the adsorption dynamics of BPA on KBC800-HCI, indicating that
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chemisorption is the critical rate-limiting step in the BPA adsorption process. Table 3 displays

the outcomes of fitting the experimental data to three different kinetic models.

Figure 8c presents the intraparticle diffusion model. The data reveal a pattern of multilinearity,
showing that the adsorption process occurs in two distinct phases. Initially, there is rapid
adsorption in the first phase, where the BPA is rapidly taken up by the KBC800-HCI. This phase
is followed by a slower adsorption rate in the second phase. The first rapid adsorption is likely
due to the chemisorption between BPA and KBC800-HCI (Supong et al., 2019). After this phase,
the process slows down, likely because the adsorption starts to depend more on the slower
movement of BPA molecules into the internal parts of the KBC800-HCI, a process called
intraparticle diffusion (Martin-Lara et al., 2020).

The data presented in Figure 8d shows that the plotted lines do not intersect at the origin,
indicating that intraparticle diffusion is not the rate-limiting step. Furthermore, the C value, which
is derived from the y-intercept in the plot, was found to be nonzero, highlighting that intraparticle

diffusion does not dominate the BPA adsorption mechanism on KBC800-HCI.

3.10 Regeneration stuides

For large-scale industrial treatment, adsorption is challenging due to the requirement for large
amounts of adsorbents, leading to increased operational costs (Ahmad et al., 2023). To
minimize these costs, utilizing the adsorbent multiple times is essential. Therefore, the
regeneration of the adsorbent is crucial for its economic feasibility because it significantly
reduces the cost associated with the removal process (Ahmad et al., 2023). Moreover, the
regeneration of adsorbents can reduce the environmental impacts resulting from the improper
disposal of the adsorbents. Fachina et al.(2020) reported that the use of 50% methanol and 50%
ethanol, compared to acid (0.1 M HCI) and base (0.1 M NaOH), was more favorable for the

desorption process (Fachina et al., 2020).

The adsorption capacity of BPA gradually decreases over five adsorption-desorption cycles
using different eluting agents, as shown in Figure 9. The efficiency of BPA removal through
adsorption progressively dropped from 99.5% to 79.6% using ethanol as the eluting agent over
five consecutive regeneration cycles. The ethanol solution interferes with the interaction
between hydroxyl groups and aromatic rings, facilitated by hydrogen bonding and tr-1m
interactions. This interference has consequently led to the desorption of BPA (Mpatani et al.,
2021). Additionally, the efficiency of removing BPA by adsorption experienced a gradual
decrease in five consecutive regeneration cycles, dropping from 99.6% to 74.2% with HCI, from
98.5% to 71.5% with NaOH, from 99.0% to 72.1% with methanol, from 97.2% to 65.2% with
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50% ethanol, and from 96.5% to 66.1% with 50% methanol as eluting agents, respectively. Tursi
et al. (2018) have explained that NaOH solution could neutralize the surface of the adsorbent,
potentially disrupting the hydrophobic interactions between BPA and the adsorbent. All eluting
agents achieved a removal efficiency greater than 65.0%, even after five regeneration cycles.
The findings of the regeneration study indicated that ethanol is the most effective eluting agent
for regenerating KBC800-HCI.

3.10 Possible mechanism

The adsorption behavior of BPA onto biochar is strongly influenced by the structural
characteristics developed during the pyrolysis process. As the pyrolysis temperature increases,
significant changes occur in the carbon structure, particularly the development of aromatic
domains. An increase in pyrolysis temperature results in a higher accumulation of aromatic
benzene rings within the biochar, which in turn enhances its ability to act as a superior 1T-electron
acceptor (Wang et al., 2019). Similarly, Khaokomol et al. (2020) and Das et al. (2015) explained
that elevated temperatures led to the formation of biochar with larger aromatic domains and
more organized structures. Since BPA possesses strong 1r-electron donating capabilities, this
dynamic significantly bolsters the TT—1T electron donor/acceptor interactions between biochar and
BPA, and these interactions are likely the dominant mechanism in this system. Chen et al. (2017)
further corroborate that these -1 electron donor/acceptor interactions are crucial in mediating
the adsorption efficiency of BPA onto biochar. However, the adsorption process cannot be
attributed to a single mechanism; rather, it involves the simultaneous contribution of multiple

mechanisms acting in parallel to govern the overall adsorption behavior.

In this system, the pore-filling mechanism may also play an important role in the adsorption of
BPA. The increase in pyrolysis temperature promotes the development of surface area and pore
volume, primarily due to the release of volatile matter, resulting in a more porous biochar
structure. This enhancement in porosity facilitates the physical accommodation of BPA
molecules within the internal pore network (Shi et al., 2022; Wang et al., 2019). As a result, the
pore-filling effect contributes to rapid adsorption, particularly during the initial stages of contact,

leading to a higher initial removal rate (Araujo et al., 2024).

Hydrophobic interactions are also likely to facilitate BPA adsorption by promoting affinity
between the hydrophobic moieties of BPA and the hydrophobic surface of KBC800-HCI (Choi &
Kan, 2019). Electrostatic interactions are unlikely to influence the adsorption of BPA onto
KBCB800-HCI, given that the pH,.c of the material is 6.8. Although BPA contains two hydroxyl
groups, it predominantly remains in its neutral molecular form at neutral pH. It stays protonated
under acidic conditions and begins to deprotonate only under basic conditions (pH > 7) (Hayoun

et al., 2021). As such, electrostatic interactions are not considered a contributing factor in the
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738 adsorption process of BPA onto KBC800-HCI. The possible mechanisms for BPA adsorption

739 onto KBC800-HCI are illustrated in Figure 10.

740

741 4.0 Conclusions

742 This study demonstrates the successful development and application of chemically activated

743 king coconut biochar (KBC800-HCI) as a high-performance adsorbent for the removal of BPA

744 from aqueous solutions. The biochar produced at 800 °C and activated with HCI exhibited the

745 highest adsorption efficiency, achieving 80.1% removal, which was further enhanced to

746 complete (100%) removal upon reducing the particle size to 75-105 um. Batch adsorption

147 studies indicated that optimal BPA removal occurred under mildly acidic to neutral conditions

748 (pH 3-7), with a biochar dosage of 5.0 g/L and an initial BPA concentration of 100.0 ppm.

749

750 Adsorption process was best described by the Langmuir isotherm model, indicating monolayer

751 adsorption with a maximum adsorption capacity (gm) of 39.53 mg/g. Kinetic data followed the

752 pseudo-second-order model, suggesting chemisorption as the rate-limiting step. Furthermore,

753 regeneration studies revealed good reusability, with ethanol maintaining over 79.6% removal

754 efficiency after five cycles. The T—r electron donor/acceptor interaction, pore-filling effect, and

755 hydrophobic interaction are the possible mechanisms involved in the adsorption of BPA onto

756 KBC800-HCI biochar.

757

758 These findings highlight the potential of KBC800-HCI as a low-cost, efficient, and reusable

759 adsorbent for emerging contaminant removal. The study contributes to advancing biochar-

760 based water treatment technologies and supports broader environmental sustainability through

761 waste valorization and resource recovery.

762

763 Appendix A. Supplementary data

764 Supplementary data related to this article can be found online.
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1026

1027

1028

Table 1. Proximate composition of king coconut nuts

Parameter Value (wt %)
Moisture 29.10 £ 0.43
Volatile matter 33.45 + 0.66
Ash 7.78 +0.30
Fixed carbon 29.67 £ 0.78
Table 2. Isotherm parameters
Isotherm model Parameter Value 1029
gm (Mg/qg) 39.53 1030
Langmuir K. (L/mg) 25.30 1031
R? 099 1032
Ke 37.33
1033
Freundlich n 5.84
R2 0.81 1034
At (L/ 9.90 x103
T (L/9) 1035
B (J/mol) 3.74
Temkin
br (J/mol) 673.57 1036
R2 .
0.96 1037
Om (MQg/qg) 36.42
E (kJ/mol) 10.93 1038
Dubinin- Radushkevich TIRE ~
B (mol?/kJ?) 4.18%x10 1039
R2 0.84
1040
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1041

1042
1043

Table 3. Kinetic study parameters

kinetic model Parameter Value

ge (exp) (mg/g) 19.96

Pseudo-first-order model Co=100.0 mg/L e (cal) (mg/g) 294
ki(min't) 0.13

R? 0.89

ge (exp) (mg/g) 19.96

Pseudo-second-order model Co=100.0 mg/L % (cal) .(mg/g) 20.16
k2 (g/min/mg) 0.058

R2 1.00

C0=100.0 mg/L

Stage 1 Kp (mg/g-mint’2) 0.44

C (mg/g) 17.13

Intraparticle diffusion model R? 0.99
Stage 2 K, (mg/g-min'/?) 0.002

C (mg/qg) 19.93

R2 0.57
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Figure 1. (a) and (b) SEM images of KBC800-HCI
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Figure 2. Diffractogram of KBC800-HCI
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