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Abstract

Heavy metal contamination including Pb?" ions in water systems threatens environmental and public
health, requiring the need for designing adsorbents that are affordable, eco-friendly, and effective.
Biochars produced from agricultural biomass serve a potential roadmap for heavy metal remediation, but
how sequential physical and chemical modifications of biochars control their adsorption behavior still
limited; hence, systematic understanding persists. This present research assessed performances of three
adsorbents {raw palm-kernel chaff (RPKC), physically pyrolyzed palm-kernel chaff (PPKC), and
physically pyrolyzed—chemically activated palm-kernel chaff (CPPKC) using H3PO4 prepared from palm-
kernel chaffs for removal of lead(Il) ions from aqueous solutions. The adsorbents were characterized
using FTIR, TGA, XRD, SEM-EDX, zeta potential, and BET surface area analysis. Batch adsorption
experiments were performed to elucidate the effects of adsorbent dosage, pH, initial Pb*" concentration,
contact time, temperature on adsorption characteristics. Systematic analysis of adsorption kinetics,
isotherms, and thermodynamics, using established models, was carried out. Pyrolysis and chemical
activation progressively induced structural and chemical changes such as enhanced surface heterogeneity,
increased porosity, and improved thermal stability. Adsorbent CPPKC exhibited the highest BET surface
area 116.13 m?g, and pore volume 1.4327 c¢cm’/g, but lowest PZC (point of zero charge) of 5.19.
Adsorption kinetics was best described by Avrami model while equilibrium data fitted into the Liu
isotherm adequately. Highest Pb?>" removal of 6131.7 mg/g was exhibited by CPPKC. Thermodynamic
analysis emphasized spontancous and endothermic adsorption. This study justifies agricultural waste

valorization as a feasible strategy for sustainable water treatment.
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1. Introduction

Lead (II) (Pb*") ion is one of the most toxic heavy metals in the environment. These metals are
non-degradable, persistent, bio-accumulative toxic (Mititelu et al, 2025; Xu et al, 2024,
Olasehinde ef al., 2019) and therefore, they constitute a global ecological problem. Lead (II) ions
are not essential for soil, air, and water, and have no biological function (Mitra et al., 2021).
Health problems of environmental low level exposure to Pb>" ions are neurological disorder,
reproductive toxicity, cardiovascular disease, renal failure, anemia, renal and gastrointestinal
disease, hematological disease and developmental problems in children (Mititelu et al., 2025;
Zhang et al, 2023; Ashkan, 2023). Surface water in Africa and Asia contained lead
concentrations above WHO guidelines for drinking water. The values of the hazard quotient

index >1 indicated higher health risk on ingestion and dermal routes (Amit et al., 2023).

The main sources of lead pollution in aquatic systems are human activities such as; battery
production, mining, metal coating, dumping of industrial waste, metallurgical smelting and
electronic waste (Adriana et al., 2025; Adebayo et al., 2012). The remediation of this metal is of
major concern. The increase in lead concentration in environmental food chains has been
attributed to natural, geographical and anthropogenic factors (Arowojobe ef al., 2021). These
include pigment manufacturing, metal finishing, mine drainage, tannery operations, chemical and
fertilizers production, leather production and leachates from contaminated groundwater
(Aiyesanmi et al., 2022; Olasehinde ef al., 2018). Conventional methods have been used for the
extraction of Pb from the environment (Veer et al., 2024; Aiyesanmi et al., 2022; Aiyesanmi et
al., 2020; Olasehinde et al., 2018). The main drawbacks of these conventional techniques are
high operational cost, partial removal of pollutants, formation of toxic waste, general
inefficiency and high energy consumption (Veer et al., 2024; Ayach et al., 2024). They have
created one or more problems in their applications making it economically unattractive
(Olasehinde ef al., 2018). However, these methods have their own drawbacks. For example, the
membrane system is prone to fouling, scaling and clogging, while the ion exchange system is too
expensive due to the cost of ion exchange resins (Aiyesanmi et al., 2022). Hence, it is essential
to develop a better, environmentally friendly, and sustainable method for environmental

remediation.



The adsorption process has been used to remove the hazardous metals from the environmental
water sources and it is proven to be economical, environmentally sustainable, user-friendly and
highly effective (Fouda-Mbanga et al., 2024). Adsorption is an ideal process for water treatment
due to its versatility, high efficiency, simple operation and biocompatibility in environmental
remediation in different conditions (Fouda-Mbanga et al., 2024; Onyancha et al., 2022). The
adsorption technique is found to be very effective at minimum levels of pollutants, it is very
simple to implement and the adsorbent used is recyclable. Thus, making the process reliable and
efficient for environmental remediation.

The application of activated carbon as an adsorbent for the removal of pollutants has increased
over the years but the high cost of production and recycling makes it unaffordable for large scale
applications especially in the developing countries (Isaac et al, 2024). Hence, agricultural
biomass wastes and residues are used as alternative precursors for adsorbents production owing
to their cost-effectiveness, availability and abundance (Kumar et al., 2024). Biomass from
different sources (agricultural wastes, forest by-products, aquatic plants, etc.) is sustainable, eco-
friendly and can remediate potentially toxic metals as supported by several research works
(Bhagya et al., 2025). Pyrolysis of pistachio shells to biochar and chemically activated indicated
87 mg/g of CO2 adsorption strength (Alejandro et al., 2025). The adsorptive efficiency of
cyproflaxin using wheat straw based adsorbent was found to be 98% with maximum adsorption
capacity 15.51 mg/g (Alawa et al., 2025). Palm kernel chaffs (PKCs) are by-products of palm oil
production industry which are commonly neglected or discarded leading to environmental
pollution. Palm kernel shells are byproducts of the oil palm industry and a potential source of
lignocellulosic biomass for the development of efficient adsorbent materials for environmental
remediation. These substances are abundant in cellulose, hemicelluloses and lignin and have
special physical and chemical properties which can be used for the removal of contaminants
(Kuljit et al. 2024). Therefore, these materials are suitable for the preparation of efficient and
effective adsorbents by valorization and surface modification. The environmentally sustainable
properties of palm-kernel biomass in environmental remediation are not well investigated and its
abundance especially in Nigeria has not been fully exploited in the production of efficient
adsorbents. It is important to develop and improve the economical and efficient adsorbents based
on palm-kernel chaffs for the removal of Pb** ions from aquatic ecosystems. The valorization of

PKCs as an important agricultural waste can contribute to the circular economy goals, reduce



wastes, promote environmental sustainability and alleviate Pb(II) pollution. Therefore, the
present study evaluates the enhancement of the PKCs via physical pyrolysis coupled with
chemical activation by phosphoric acid (HsPOs) for removal of Pb*" ions from simulated lead-
contaminated aqueous systems, presenting a sustainable pathway to address the challenges of

water purification and waste management.
2. Materials and Methodologies

The Merck Chemical Company of Germany provided all reagents utilized in this study, including
phosphoric acid (H3PO4) with CAS number 7664-38-2, sodium hydroxide (NaOH) with CAS
number 1310-73-2, Lead(Il) nitrate (Pb(NO3)2), and Cadmium(Il) nitrate (Cd(NO3)z). All
chemicals were of analytical quality and required no additional purification.

2.1 Collection of Sample

The Palm-kernel Chaffs (PKCs) utilized as precursor material for this research were obtained from a
supplier in Ilesa metropolis, Nigeria; botanical classification of the material was later conducted at the
Department of Crop, Soil and Pest Management, Federal University of Technology, Akure, Nigeria.
2.2 Valorization of PKCs as Adsorbents and Characterisation

Powdered samples of the Raw Palm-kernel Chaffs (RPKCs) were produced via incessant
grinding in a mortar and pestle, subsequently sieved using a 2 mm mesh, and then preserved in
labeled, airtight containers for future application. To produce the pyrolysed adsorbent, 226 g of
RPKC powder was measured into two clay-pot crucibles and subjected to pyrolysis in a muffle
furnace (Gallenkamp model) at 500 °C for 15 minutes in a nitrogen environment; the resultant
char was filtered via a 106 um mesh and stored in airtight plastic containers until required, and
this material was labelled Pyrolysed Palm-kernel Chaff (PPKC). After that, the chemical
activation was carried out. 44 g of PPKC was mixed with 200 mL of 1.0 M H3PO4 and refluxed
at 80 °C for 4 h, then undisturbed equilibration was carried out for 20 h. The solid obtained after
acid treatment was washed several times with double distilled water until the effluents were
neutral and dried in an oven at 105 °C for 48 h and sieved through 106 pm mesh, mainly
according to the activation procedure reported by Barakat et al., 2024; Wipawee and Attso,
2023; and Gimba et al., 2001. The obtained adsorbent was stored in an airtight container until

use and was labelled Chemically-Pyrolysed Palm-kernel Chaff (CPPKC).



The surface functional groups were analysed by ATR-FTIR spectroscopy (TENSOR 27, Bruker)

in the range of 4000 —500 cm™" at a resolution of 8.0 cm™!

, using 200 scans at a scan rate of 40
kHz, in accordance with the FTIR methodology previously applied to the analogous Cd** biochar
system (Esho et al, 2026). Surface morphology and elemental composition were further
analysed by scanning electron microscopy coupled with energy dispersive X-ray spectroscopy
(SEM-EDX; Hitachi SU 3500, Tokyo, Japan). Imaging and elemental mapping were performed
at 30 kV and 12 keV, respectively and micrographs were taken at 500X magnification. The
textural properties were determined by N> adsorption-desorption isotherms (ASAP2023 V4.02H,
Micromeritics, USA) after degassing the samples at 437 K for 3 h. The BET surface area and the

pore parameters of each adsorbent were calculated from the isotherms.

The thermal decomposition characteristics were monitored using thermogravimetric analysis
(TGA; PerkinElmer Thermal Analyzer): a 5 mg dried sample, contained in a platinum crucible,
was subjected to heating from 100 to 1000 °C at a rate of 10 °C/min under a nitrogen flow of 50

mL/min, with the weight-loss data recorded continuously as a function of temperature.

The mineralogical and crystalline-phase composition was determined by x-ray diffraction on a
Shimadzu XDS 2400H diffractometer with a Cu Ka source (wavelength 1.5418 A) at 40 kV and
30 mA. Before scanning, samples were dried in an oven at 105 °C, ground into a fine powder,
sieved to 63 micrometers, and compacted onto an acrylic holder to create a flat surface using
approximately 2 g of material. Diffractograms were obtained within a 15° — 70° of 20 range with
a step increment of 0.02° and a counting duration of 2 seconds per step, and phases were

identified via search-match analysis against the ICDD Powder Diffraction File database.

Surface-charge characteristics were evaluated through zeta potential measurements acquired
using a Surpass 2 electrokinetic analyzer (Anton Paar, Graz, Austria). Suspensions of each
adsorbent (approximately 8 mg) at 0.02% (w/v) in 40 mL aliquots of buffer at pH 2, 4, 6, 7, 8, 10
and 12 were prepared; they were well stirred and allowed to stand for 5 minutes before the
supernatant was drawn into the capillary cell of the analyser. Electrophoretic mobility
measurements were performed in triplicate, during a 30 s injection for each assessment and

converted into zeta potential using the Smoluchowski equation.



2.3 Batch Adsorption Studies, Modeling and Statistical Analysis

Batch experiments were conducted by mixing a specified mass (e.g., 0.05 g) of each synthesised
adsorbent (RPKC, PPKC, CPPKC) with 20 mL of lead(II) solution in 50 mL sample containers,
stirred at 150 rpm on an electric thermostatic shaker. The lead(Il) working solutions were
prepared by serial dilutions from a stock solution of 1000 mg/L prepared by dissolving 1.60 g of
Pb(NOs)2 in 1 L of distilled water. Series of experiments were performed to investigate the effect
of solution pH (2, 4, 6, 8 and 10, adjusted with 0.5 M HCl and 0.5 M NaOH), contact time (2, 5,
10, 15, 20, 30, 60, 240 and 480 min), initial concentration (50, 100, 150, 200, 300, 400, 500, 600
and 800 mg/L), adsorbent dose (0.01, 0.02, 0.04, 0.06, 0.08 and 1.0 g) and temperature (25, 40,
50 and 60 °C) on lead(Il) uptake. The spent adsorbent was separated after equilibrium by
filtration for each run and the residual lead(II) concentration in the solution was determined by
atomic absorption spectrophotometry (AAS; Perkin Elmer Analyst 700 model). Aliquots of the
working solutions before the adsorption process were also analysed to confirm the exact initial
lead(IT) concentrations. All the experiments were performed in triplicate and the average values
were taken for analysis. The percentage of adsorption and amount of lead(Il) adsorbed at

equilibrium (Q.) was calculated from the obtained data using Equations 1 and 2 respectively.

c -C
%Adsorption= DC £.100 1
(c,-c)v
Q= - 2

C, is the initial concentration of lead(Il) in milligrams per liter (mg/L), C. is the equilibrium
concentration of lead(Il) in milligrams per liter (mg/L), V' is the volume of the lead(Il) solution

used in the experiment (L) and m is the mass of the adsorbent in grams (g).

The temporal adsorption data were analyzed using three non-linear kinetic models: pseudo-first
order, pseudo-second order, and Avrami fractional, as delineated in Equations 3 — 5,
respectively. The kinetic data underwent analysis via the intraparticle diffusion model

(Equations 6), while the concentration and temperature-dependent (isothermal) data were



further examined utilising non-linear representations of the Langmuir, Freundlich, and Liu

models, as delineated in Equations 7 — 9.
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In the expressions above, the quantity (mg) of the adsorbate (Pb?") retained (Q,) by 1 g of the adsorbents
at a specified time, #; kr (min') indicates the pseudo-first-order rate constant; & (g mg' min™') pertains to
the pseudo-second-order rate constant; k4y represents the rate constant of the Avrami fractional-order
model (min™!); n4y denotes the Avrami exponent, associated with the fundamental adsorption mechanism;
kia refers to the intraparticle diffusion rate constant (mg g™' min*%); C (mg g') pertains to the boundary
layer thickness as the intraparticle diffusion constant; Q.. indicates the maximum adsorption capacity of
the adsorbent (mg g'); C. is the equilibrium concentration of the chaff adsorbent (mg L™); K} is the

Langmuir equilibrium constant (L mg'); Kr is the Freundlich equilibrium constant

_1
((mg g mg L") ™ ) ; nr is the Freundlich exponent; K, is the rate constant of the Liu model (L mg™');

and n, represents the adsorption intensity (dimensionless).



Thermodynamic formulas (Equations 10 and 11) were employed to determine the standard
change in Gibb’s free energy (4G°, kJ mol™), standard change in enthalpy (4H°, k] mol™"), and
standard change in entropy (4S°, J mol 'K™1).

AG’ =—RTInK 10
an:AS —AH 11
R RT

where R is the universal gas constant (8.314 J mol-1 K-1) and T is the temperature in Kelvin (K).

Non-linear curve fitting and parameter calculations were executed using OriginPro. The metrics
of the adjusted coefficient of determination (R;,) and the reduced chi-square ( 72.) for each
model were utilised to identify the optimal model for the adsorption data. The statistical

representations of R;, and 2%, are delineated in Equations 12 and 13, respectively.

R§w={1—(1—R2)}{nf;1} 12

P {nflp}i(qi,exp o). 13

i

where n denotes the quantity of data points; p represents the count of parameters within the
model, while gimoder and giexp signify the specific data point forecasted by the model and acquired
via experimentation, respectively. A value approaching one indicates a good fit of the curve by

the model (Aiyesanmi et al., 2022).
3. Results and Discussion

Adsorbents (RPKC, PPKC and CPPKC) were synthesised from PKC and characterised. The three

adsorbents were tested for the uptake of lead(Il) from simulated water by batch adsorption method.

3.1 Characteristics of the Adsorbents
The Fourier Transform Infrared spectra of RPKC, PPKC and CPPKC (Figure 1) have shown

significant differences in functional groups indicating the effect of pyrolysis and chemical
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activation on palm kernel chaff. The interaction of the adsorbents with Pb** can be explained
well by the different functional groups present in the adsorbents. The peak at 3386 cm™' in
RPKC is assigned to the —OH group, 2960 cm™' is assigned to the C—H stretch of an alkane
moiety, 1614 cm™' corresponds to the aromatic C=C stretching vibration, 1442 cm™! is assigned
to the C—H bending vibration in aromatics, 1219 cm™! is assigned to the C—O stretching vibration
and the 794 cm™! peak is assigned to the out-of-plane bending vibration of aromatic C-H. PPKC
shows absorption peaks at 2664 cm ™!, 2221 cm™!, 1718 cm ™!, 1426 cm ™! and 601 cm™!, which are
associated with distinct C—H, C=N or C=C, carbonyl functionalities, aromatic C=C or aliphatic

C—H bending, and inorganic mineral remnants or deformations of aromatic rings, respectively.
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Figure 1: FTIR spectra of the RPKC, PPKC and CPPKC

PPKC described the chemical reactions of functional groups during pyrolysis, (e.g., O-H elimination and
C=N insertion) by Liu et al.,, 2023. O-H (free and hydrogen bonded), C-H (aliphatic or aldehyde)
stretching, C=N or C=C, stretching of carbonyl, C-H bending and vibrations of aromatic or inorganic
compounds. The broad bands at 3609 and 3202 cm™!, 2763 cm™!, 2105 cm™!, 1781 cm™!, 1374 cm™! and
632 cm™! in CPPKC. The hydrophilic nature was confirmed by the detection of O-H and aliphatic groups
(Raj et al., 2025)

The higher adsorption is attributed to the surface complexation of the adsorbent due to oxygen functional
groups including O-H, C=0 and C-O. The aromatic and aliphatic parts can increase the m-m and
hydrophobic interactions with pollutants (Danso-Boateng et al., 2021; Qing et al., 2024; Yang et al.,
2025).

The TGA of RPKC (Figure 2) shows a decrease of moisture content (25.86%) from 200 to 450 °C. The
weight loss of 62.48% is attributed to the fracture of hemicellulose and cellulose in the range of 450-600
°C. Lignin decomposed with a loss of 5.44% and a residue of 5.44% at a temperature of 600 — 800°C.
Palm kernel biomass decomposes to large amounts of volatiles (Ewa et al., 2024). High Content of
Cellulose. Likewise, raw palm-kernel biomass is heated to obtain low carbon mass (Dechapanya and

Khamwichit, 2023).
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Figure 2: TGA profiles of RPKC, PPKC and CPPKC

In PPKC, 5.12 % moisture is removed in the temperature range 50-200 °C and 50.2 % cellulosic
substances are degraded in the temperature range 200 — 450 °C, with 20.37 % residue at 950 °C. This

leads to the degradation of cellulose, hemicellulose and lignin components (Tiwari et al., 2024).

In CPPKC, the weight loss was considerable between 100 °C and 300 °C, which was 8.97% and between
300 °C and 400 °C, the loss was 36.78%. In the temperature range of 400 - 950 °C, it was 16.36 % lower,
with a carbon residue of 30.97 %. The thermal improvement contributes to the good stability of CPPKC
due to the formation of polyphosphate and phosphate-ester chains which are stable at high temperatures,
thus preventing decomposition under high temperature conditions and the adsorbent degrades early (Zhu
et al., 2024). The thermal stability of the adsorbents was found to be in the order of RPKC (5.44%) <
PPKC (20.37%) < CPPKC (30.97%). This study demonstrated the effects of physical and chemical
changes on the thermal properties. RPKC failed quickly and was less stable. The first pyrolysis resulted in
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better stability and char yield for PPKC. The CPPKC suggested that the combination of catalytic

decomposition and structural stabilization improved char retention.

The SEM micrographs of the adsorbents are shown in Figure 3. Morphological insights of the adsorbents
obtained from biomass materials at different treatment stages. The surface structures obtained by RPKC
correspond to a dense and chaotic fibrous arrangement related to biomass rich in lignin and cellulose and
with low porosity. The low porosity of palm-kernel shells and coconut husks, due to their small size and

chaotic configurations, reduced the adsorption ability (Hadi ef al., 2024).

PPKC has broken and fragmented fibrous structures with the increase of the number of microscopic holes
and cracks due to pyrolysis. This is due to the degradation of cellulose and hemicellulose creating larger
voids via de-volatilisation. Which in turn increased the porosity of the adsorbents (Benregga et al., 2021).
The decrease of lignin and hemicellulose content without the decrease of cellulose level will be beneficial

for the increase of surface area and pore volume (Xing et al., 2023).

The CPPKC has greater porosity, more cavities and channels after pyrolysis and chemical activation with
H3PO4 than the other two adsorbents. The use of H;PO4 determines the connection of lignin and cellulose,
which also reveals the sponge-like structure, increasing the surface area and pore volume that enhances

the adsorption capacity for wastewater (Liang et al., 2023; Kumari et al., 2024).

The EDX spectra in Figure 4 illustrate the surface elemental composition and variability. The adsorbent
RPKC consists of 46.39% carbon, 39.26% oxygen, 5.86% magnesium, 2.10 % silicon and 1.33%
calcium. The polar functional groups in the adsorbent facilitate complexation and ion exchange process. It
is high in oxygen that improves the adsorption (Mahmoud et al., 2024). Other mineral elements such as
calcium and magnesium facilitate the adsorption in aqueous solution by means of ion exchange

mechanisms. (Almanassra et al., 2021; Samaraweera et al., 2023)
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Figure 3: Scanning electron micrographs of RPKC, PPKC and CPPKC

The PPKC contained 52.34 % C and RPKC contained 7.46% Ca and 9.32% Si. The silicate enriched
biochar had a good surface area leading to a better adsorption of heavy metals thru mechanisms like ion
exchange, surface precipitation and complexation (Tong et al., 2021). Some mineral components (i.e., Ca,
Mg, and Si) can be plant nutrients and increase adsorption capacity (Shi et al., 2023). Trace amounts of
iron, copper and aluminum can contribute to the formation of free radicals which improve the redox
process and the formation of more active adsorption pores However, spectroscopic signals can be

hindered by copper and iron (Xie et al., 2024).
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Figure 4: EDX spectra of RPKC, PPKC and CPPKC
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EDX spectrum of CPPKC showed 57.91% carbon, 28.98% oxygen, 1.75% phosphorus and 2.48%
nitrogen. The increase in the number of active sites (Liu et al., 2024) was attributed to the co-doping of
nitrogen and phosphorus in the carbon matrix with more functional groups. The results are attributed to
interactions of m—m electron donors and acceptors, redox reactions and electrochemical conductivity. In
addition, the polarity and reactivity of the nitrogen and phosphorus treated adsorbent surface were higher,
which increased the energy storage capacity and ecological relevance of the adsorbent (Cheng ef al.,
2022).

The zeta potential (Figure 5) is an important parameter to evaluate the surface charge properties of
adsorbents and, therefore, their interaction behaviors with ionic contaminants in water. The pH where the
net surface charge of the adsorbent becomes zero is called the point of zero charge (PZC) and it controls
whether the adsorbate—surface interaction will be dominated by protonation or deprotonation of surface
sites. The results showed that the point of zero charge (PZC) values of RPKC, PPKC and CPPKC are
5.53, 5.39 and 5.19, respectively in the pH range of 2 - 12. When the pH of the solutions of adsorbents
decreases below the point of zero charge, the surfaces of adsorbents have a notably positive charge, which
increases the absorption of anions. When the solution pH exceeds the respective point of zero charge, the
adsorption of cations intensifies. The raw palm-kernel chaff (RPKC) attains the maximum value of point
of zero charge (PZC) indicating a lesser presence of specific acidic functional groups such as phenolic,
lactonic and carboxyl groups which can easily break the electrical charge balance at the surfaces of the
adsorbent (Sobik-Szottysek et al., 2021). The presence of functional groups such as carboxylic esters,
ether-alcohols and aliphatic groups has increased the negative charge on the microplastic particle surfaces
at a solution pH above 2.0 thus continuously amplifying the density of acid sites (Jui-Yen et al., 2023).
The lower PZC values observed for PPKC and CPPKC could be due to the presence of mineral oxides,
phosphorus, and nitrogen in the adsorbents. These heteroatoms can readily influence the electron
distributions and thus change the surface charge properties by increasing the surface acidity and then

decreasing the PZC (Pan et al., 2022).
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Figure 5: Zeta potentials of RPKC, PPKC and CPPKC

Figure 6 shows XRD spectra of the adsorbents. RPKC exhibits peaks at 16° (010), 20° (200) and 34°
(112). In PPKC, the application of heat to the samples leads to structural disintegration and changes of the
mineral components. The disruption of the networks formed by crystalline cellulose and the formation of
new mineral structures are observed as well as a decrease of the intensity of peaks at planes 010 and 200.
The adsorbent CPPKC shows the transformation of structures into a more disordered system due to the
creation of highly porous amorphous networks, resulting in increased surface areas, which enhance the
adsorption process. The crystalline cellulose is shown to be present in the RPKC in the 010 and 200
planes (Khandoker et al., 2023). The sharpness of the peaks and their organized arrangement represent
RPKC in its native form (Chakraborty et al., 2022). The structure of plane 110 was lignocellulosic, a
feature which is associated to amorphous carbon (Hadi et al., 2024). The research work performed in the
recent years on the agricultural by-products has shown the presence of various properties in them which
resulted in crystalline minerals such as calcite (25°, 104 plane), aromatic lignin (33.4°, 112 plane) and
potassium oxide (39.2°, 202 plane). The thermal energy increase in PPKC causes more changes in the
structural networks (Bondar, 2022). Minerals are recorded such as potassium oxide (28.2°), sylvite (40°),
and magnetite (43.2°) (Wang ef al., 2022). The complete formation of a non-crystalline network in the

physically and chemically pyrolyzed sample (CPPKC) causes the removal of mineral components and the
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restructuring of lattice frameworks, which facilitates the increase of high surface areas and enhances the
porosity of the biochar. This corresponds to the increase in adsorption capacity of biochar for the

remediation of environments polluted with inorganic and organic pollutants (Song et al., 2024).
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Figure 6: X-ray diffraction (XRD) of the adsorbents

Table 1 presents the nitrogen adsorption-desorption characteristics of the adsorbents. The BET surface
area of RPKC is 109.095 m? /g with pore diameter of 2.1497 nm and pore volume of 0.4931 ¢cm 3 /g. The
BET surface area of PPKC is 114.638 m?/g, the pore diameter is 2.3004 nm, and the pore volume is
0.6210 cm?/g. The BET surface area of CPPKC is 116.132 m?%/g, with the pore diameter of 2.3752 nm and
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the pore volume of 1.4327 ¢cm?/g. As pointed out by Neme et al., 2022; Zakaria et al., 2023, the pore
accessibility for penetration and adsorption of pollutants was increased with the slow increase of PPKC
and CPPKC in the surface areas with temperature from 400 - 600 °C. The pore volume of PPKC and
CPPKC increases dramatically from 0.6210 to 1.4327 cm?®/g. This is due to the activation with H;POj
during the pyrolysis process. It will increase the formation of more pores for adsorption. Moreover, it will
enhance the cross-linking, dehydration, and formation of thermally stable phosphate esters to avoid the

pore collapse (Dechapanya and Khamwichit, 2023; Neme et al., 2022).

The pore sizes (2.15-2.38 nm) of the adsorbents studied in this work belong to the mesopores.
Mesoporous adsorbents effectively adsorb Pb?* from aqueous solutions due to their efficient intra-particle
diffusion of adsorbates. The increased pore volume resulted in the pore expansion and fusion. The
combination of micro-pores to meso-pores leads to a significant increase of the total pore volume, but the
specific surface area does not increase proportionally, and may even decrease in some cases (Neme ef al.,
2022). The partial plugging of the pores by the incomplete removal of phosphate residues may hinder
passage of nitrogen gas during the process. However, the blocked sites of the aqueous adsorption systems
can show chemical reactivity and improve the metal uptake via ion exchange, precipitation, or
complexation (Dechapanya and Khamwichit, 2023). The integrated physical and chemical activation
(CPPKC) generally produced the best trade-off of surface area, pore size and pore capacity. Beside the
texture improvement, the treatment with H3PO, is known to introduce functional groups derived from
phosphorus that could increase the affinity for metal cations through complexing and precipitation
mechanisms. Thus, a higher elimination efficiency of CPPKC toward Pb*" than that of RPKC and PPKC

is expected.

Table 1: BET data of RPKC, PPKC and CPPKC

Adsorbent BET Surface area (m?/g) Pore diameter (nm) Pore volume (cm®/g)
RPKC 109.09 2.1497 0.49310

PPKC 114.64 2.3004 0.62100

CPPKC 116.13 2.3752 1.4327

3.2 Adsorption Performances of RPKC, PPKC and CPPKC at varying pH Values

The initial pH of the solution is a key parameter in adsorption studies because it influences the overall
surface charge of the adsorbent and the speciation of the adsorbate in the solution. The initial pH of the

solution in the adsorption studies affects the electrostatic interactions between the adsorbent and the
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adsorbate, and thus, the adsorption efficacy of the adsorbents and the adsorption mechanisms involved
(e.g., physical adsorption, ion exchange, etc.). Figure 7A shows that the adsorption maximum of lead (II)
ions is recorded at pH = 6.0 for all the three adsorbents. This observation may be related to the surface
charge of the adsorbents, which is shown by the Pzc data, where the deprotonation of functional groups
caused an increased surface negative charge that facilitates complexation with Pb*" when pH values are
above Pzc. At pH 6.0, the surface of CPPKC carries more negative charges, resulting in more adsorption
of cations. The adsorption of the adsorbate by the adsorbents increased with increase of pH from 1 to pH
6 and then decreased as pH increase to 6.0. Adsorption increases gradually from pH 1 to 5, which may be
due to the competitive interaction between H and Pb*>" ions. At pH 6.0, complexation and electrostatic
interactions at the surfaces are optimized. The adsorption was decreased as the pH value increased over
6.0 due to hydroxides precipitation. In the present study, the highest adsorption capacity for the removal
of lead(Il) from water solutions was observed for CPPKC. as noted by Da-Silva et al., 2025; Kumari et
al., 2021, the pH values were different and the adsorbents had more stable with more active sites and

functional groups.
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Figure 7: (A) pH profiles, (B)dosage profiles, and (C) effect of initial [Pb**] on adsorption of Pb** onto
RPKC, PPKC and CPPKC

The effect of the adsorbent amount on the extraction of Pb*" from water solutions is shown in Figure 7B.
The increase in the dosage of adsorbent increased the percentage of Pb?* ions adsorbed in all adsorbents,
because of the availability of active sites on the surfaces of the adsorbents and the proliferation of
functional groups that promote the remediation of Pb?* ions. The best dosage of the three adsorbents for
the removal of Pb*" is 0.06 g. The rise in percentage of adsorbate removal is tied to the increase in
adsorbent dose until a critical limit. This is attributed to the increase in adsorbent surface area and
consequently, increase in active sites for adsorbate adsorption (Lima et al., 2015). It can be observed from
the graph that the plateau is formed at higher dosages, which is probably due to the occupation of active
sites by the adsorbate molecules, thereby establishing equilibrium (El-Dein et al., 2025) and any increase
in the dosage of adsorbent beyond the optimum dosage will not result in a higher percentage of
adsorption. Maximum adsorption efficiency is noticed in CPPKC followed by PPKC and minimum
adsorption percentage is observed in RPKC. These results suggest that chemical modification greatly
improved surface reactivity and binding affinity. Surface pyrolysis and chemical modification of
adsorbents improve the remediation of toxic metals by having more functional groups and extra pores for
adsorption (Zhang et al., 2025).

Figure 7C shows the relationship between initial concentration (Co) of Pb** ions in solutions and the
equilibrium adsorption capacity ({Q.) of the adsorbents analysed. The illustration shows that the
equilibrium adsorption capacity (Q.) increases with the increase of the initial concentration of lead(Il)
ions in all cases. The phenomenon shows that more Pb*" ions are being adsorbed per unit mass of
adsorbent and probably this is due to the presence of active sites on the surface of adsorbent. When the
concentration increases the reaction rate and thus the driving force of mass transfer increases, which
decreases the thickness of the boundary layer and increases the frequency of Pb?* ions to meet and occupy
the available surface binding sites. Increasing the initial heavy metal solution concentration (Co) and
equilibrium adsorption capacity (Q.) promote ion diffusion and site utilization until all the surface sites
are fully occupied (Yan et al., 2023). The adsorption capacity is not affected as shown in the graph
plateau at the initial concentration of 600 mg/L indicating the saturation of the active sites available. This
plateau indicates that the adsorption is not taking place anymore with the addition of Pb?" as the active
sites are already occupied by the adsorbates. This phenomenon can be explained by the isotherm models
such as the Langmuir isotherm, which means the total surface coverage under monolayer conditions is
maximum adsorption capacity. In the case of CPPKC, the removal of Pb®" ions are the most efficient.
This is attributed to the special pore structure and the different active functional groups on the surface of

adsorbent (Wang et al., 2025). This increases the number of available binding sites, thus allowing Pb*" to
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form stronger complexation and electrostatic interactions. For high C, levels, the adsorption capacity and
the efficiency of the use of the adsorption sites are excellent for substances with high surface area and
oxygenated functional groups. Generation of pores and functional groups is essential for the adsorption of
dangerous metals (Yun et al., 2022). Surface saturation of modified biochars is related to the increased
surface porosity and reactivity of adsorbents, leading to the improved adsorption of Pb*" ions from the
adsorbate solution at the initial concentration (Jun et al., 2024). The adsorption capacity (Q.) is dependent
on the initial concentration (C,) of the adsorbate until the saturation point is reached where all available
sites are occupied (as shown by the plateau on the graph) of the data in Fig.7C. Similarly, the surface
chemistry and the structural characteristics of the adsorbent are the prerequisites for effective adsorption

of Pb** ions.
33 Kinetic Modeling of the Adsorption Process

Figure 8 presents the kinetic data of the adsorption of Pb** ions onto RPKC, PPKC, and CPPKC. As
shown the in figures for respective adsorbents, the removal of Pb?" ions increased as the contact time
increased until a plateau (equilibrium time) was reached. After the equilibrium was reached, the values of
O, remain almost constant. At the beginning of the adsorption process, lead(Il) ions diffused quickly from
the solutions to the active sites on the surface of the adsorbent. After attainment of equilibrium, the active
sites are saturated with lead(Il) ions as time increased, hence, lead(Il) ions slowly diffused to the saturated
adsorbent’s surface.

Estimation of the kinetic parameters of Pb*" adsorption onto RPKC, PPKC, and CPPKC provided
significant findings into the adsorption mechanisms, surface properties, and energetic requirements of
these adsorbents through the use of different kinetic models such as pseudo-first order, pseudo-second
order, Avrami, and intraparticle diffusion. These models were applied on the kinetic data are to obtain the
rate constants, the order of adsorption process, and to predict the model that best described the
experimental data. The kinetic profiles and parameters are represented in the Figure 8 and Table 2,

respectively.

21



1001 P )
80
g
o
£ 60+
g
40 - RPKC
@ Kinetic data
—— Pseudo first order
204 —— Pseudo second order
—— Avrami fractional order
T T T T T
100 200 300 400 500
Time (min)
160
Y [ J
140 -
120
’:T 100
2]
E
+« 80 4
(¢]
60 PPKC
@ Kinetic data
40 4 —— Pseudo first order
—— Pseudo second order
Avrami fractional order
20 T T T T T
100 200 300 400 500
Time (min)
160 [ J
140 1
Q 120 -
o
g; 100
(¢]
80 CPPKC
@ Kinetic data
60 Pseudo first order
Pseudo second order
Avrami fractional order
40 T T T T T
100 200 300 400 500

Time (min)

100 - —@— — @
80 -
)
=]
£ 60
<}
40
20 A RPKC
Intraparticle diffusion
T T T T
0 10 15 20 25
Time®5 (min®%)
160
140
120
3 100
=)
é 4
o 80 —
60
401 PPKC
1 Intraparticle diffusion
20 T T T T
0 10 15 20 25
Time®® (min®?%)
160 - P o—
140
@ 120
=]
g; 100 -
(e}
80
60 -
CPPKC
Intraparticle diffusion|
40 T T T T
0 10 15 20 25

Time%5 (min®%)

Figure 8: Kinetic profiles of RPKC, PPKC and CPPKC for adsorption of Pb**
Conditions: pH = 6; Dosage = 0.06 g; Agitation time: 2 — 480 min; Temperature= 25 °C
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Table 2: Kinetic parameters for adsorption of Pb** onto RPKC, PPKC and CPPKC

Values
Model Parameters
RPKC PPKC CPPKC
Pseudo-first Qe .exp (Mg/g) 97.823 145.72 159.31
order Qe.cat (MgE/g) 98.540 144.96 154.89
kr (min ") 0.088610 0.11380 0.15129
R(fdj 0.99591 0.97086 0.94159
7, (mg/g) 3.9710 51.422 88.510
Pseudo-second Q. .(mg/g) 106.09 155.48 165.78
order ks (g/mg min) 0.0012300 0.0011400 0.0014700
R(fd}, 0.97930 0.97648 0.98782
72, (mg/g) 20.121 41517 18.452
Avrami Qe ca (Mg/g) 99.461 152.61 163.42
fractional order kv (min™') 0.086760 0.10455 0.14717
nay 0.90188 0.54633 0.51976
R(fdj 0.99845 0.99149 0.99042
7, (mg/g) 1.7620 1.4118 1.2587
Intraparticle kia(mg/g.min) 20.681 16.914 23.388
diffusion Rjdj 0.99697 0.82882 0.96335
C (mg/g) -9.2443 35.193 32.895

The fitness of each model was determined by using the values of Rjdj and 7, . The best fitting model is
regarded as the model with the highest value of Rjdj and lowest value of 7>, . The data supplied in Table

2 show that Avrami fractional order kinetic model provided the best fit with highest Rfdj and lowest 77, .

The values of k4 (Avrami fractional order rate constant) are 0.086760, 0.10455 and 0.14717 min-1 for
RPKC, PPKC and CPPKC, respectively; these values signified that rate of adsorption of lead(Il) on
CPPKC was the fastest among the three adsorbents.

34 Equilibrium Description of the Adsorption Process
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The equilibrium adsorption behavior primarily assesses the extent of adsorbate distribution on the
surfaces of the adsorbent. The Langmuir, Freundlich, and Liu equilibrium models were employed to
clarify the adsorption characteristics of Pb*" ions on RPKC, PPKC, and CPPKC adsorbents across
varying temperatures (25 °C — 60 °C). The isotherm graphs and parameters are displayed in Figure 9 and
Table 3, respectively. The Liu model was found to be the most suitable out of the three models as it
provided very high values (> 0.9999) and very low values (< 0.01 in most cases) confirming its ability to
incorporate the features of the Langmuir and Freundlich models. The Liu model takes into account the
different energy levels of the active sites of adsorbent surface (Naifar ef al., 2025). The maximum Liu
adsorption capacities (Omax) obtained in the present investigation are 4672.9 mg/g for RPKC at 40 °C,
4886.9 mg/g for PPKC at 40 °C and 6131.7 mg/g for CPPKC at 50 °C. The adsorbent CPPKC has the
highest adsorption capacity for the extraction of aqueous lead(Il) ions and the significant efficacy is due

to the effect of pyrolysis and chemical activation with phosphoric acid.
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Figure 9: Equilibrium profiles for the adsorption of lead(1l)
24



Conditions: pH = 6; dosage = 0.06 g; agitation time = 2 h; Temperature= 25°C; [Pb*"] = 50 — 500 mg/L

Table 3: Equilibrium parameters for adsorption of Pb*" onto RPKC, PPKC and CPPKC

Model Values
___ Parameters
RPKC 25°C 40 °C 50 °C 60 °C
Langmuir O, (mg/g) 155.81 109.89 81.780 38.737
K, (L/mg) 0.0057700 0.036120 0.052779 0.092497
R, 0.96426 0.94608 0.93423 0.95891
72, (mg/g) 42.643 38.612 29.149 3.7652
F lich ) L
reundlic KF((mg g mg L") ) 5.4057 2.8784 3.0380 1.8190
nr 1.9641 1.8958 2.1026 2.2774
R, 0.98347 0.87728 0.84971 0.88904
Xreq (Mg/g) 10.296 87.879 66.614 10.168
Liu Omax (Mg/g) 1987.7 4672.9 3206.1 1335.9
K, (L/mg) 1.2462 x 10 0.036120 0.052779 0.092497
N 0.55535 0.53366 0.48226 0.44655
R, 0.99999 0.99999 0.99999 0.99999
72 (mg/g) 0.022390 9.3300 x 10 7.1843  1.9800x 10*
PPKC
Langmuir  O,.(mg/g) 133.73 94.129 79.489
g g/g 128.79
K; (L/mg) 0.011292 0.025890 0.039412 0.059387
Rjdj 0.96346 0.91888 0.95122 0.94757
72, (mgle) 53968 118.36 33.578 25.065
F lich ) L
reundlic KF((mg g N(mg L) ) 15.730 8.7449 6.5108 5.53784
nr 2.9548 2.3952 2.4859 25114
R, 0.84173 0.80401 0.84901 0.85086
72, (mglg) 255.39 285.96 103.93 71.303
Liu Omax (Mg/Q) 3862.5 4886.9 3224.1 41477
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K, (L/mg) 0.012027 0.025087 0.032187 0.071151
g 0.34648 0.42448 0.40968 0.40300
Rfd,- 0.99999 0.99999 0.99999 0.99999
22, (mg/g) 0.0051607 0.0029333 0.0015898 4.6133x10™*

CPPKC

Langmuir  Ona(mg/g) 144.97 141.36 121.05 108.42
K; (L/mg) 0.15420 0.19134 0.21359 0.23843
R,fd,- 0.96606 0.94733 0.96678 0.92126
72, (mg/g) 85.450 118.69 45.476 89.063

F dlich - SN

reundiie KF((mg g ) mg L) ) 30.479 26.048 14.077 13.718

nr 3.6555 3.5192 2.9215 3.0829
R,fd,- 0.87888 0.79645 0.84591 0.77207
72, (mg/g) 304.93 485.73 210.93 257.82

Liu Omax (Mg/g) 2557.5 2661.1 6131.7 4977.1
K, (L/mg) 0.15420 0.19134 0.21359 0.23843
ng 0.28632 0.29603 0.34701 0.32939
Razdj 0.99997 0.99997 0.99999 0.99999
72, (mg/g) 0.024775 0.017196 0.0014938 0.0012858

3.5 Thermodynamic Characteristics of the Adsorption Process

The adsorption characteristics of the adsorbents at varying temperature levels were forecasted by

assessing thermodynamic parameters. The selected temperature range in this study significantly

affects the adsorption process. The thermodynamic information regarding standard enthalpy

change (4H°), standard entropy change (4S5°), standard Gibb’s free energy (4G°), and the linear

van’t Hoff plots of In K, versus T ! for the adsorbents is illustrated in Table 4 and Figure 10.

The thermodynamic information was analysed to verify the influence of temperature on the

adsorption mechanism. The standard Gibb’s free energy (AG°) values varied from 14.764 to
—8.1758 kJ/mol for RPKC, from —2.1059 to —6.9491 kJ/mol for PPKC, and from —8.5476 to
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—10.797 kJ/mol for CPPKC, within the temperature spectrum of 298 K to 333 K. The negative
values of AG° validate the spontaneity (excluding RPKC at 298 K) and viability of the process.

The standard enthalpy change (AH®) and standard entropy change (AS°) data values were derived
from the slopes and intercepts of van't Hoff's plots. The adsorption mechanism was endothermic
(Ahsan et al, 2018). Positive AS° values for the adsorbents investigated for Pb*" removal
suggested an increase in disorder or randomness at the solid-liquid interface. In the research,
standard entropy change has been used to determine the adsorption mechanism. The values of
48° > 10 J/mol K and 4S° < 10 J/mol K are related to the dissociative and associative
mechanism, respectively (Abbasizadeh ef al., 2014; Shafiee et al., 2020). The main mechanism
of this work is dissociative since the values of 4S° obtained are higher than 10 J/mol K for Pb*"

adsorption.

Table 4: Thermodynamic Parameters for Pb 2* for PKC

Adsorbent Temperature K,(L/mg) K,(m?*mol) AG’ AS° AH* Ry
K (kJ/mol) (J/mol K) (kJ/mol)
208 1.2500 x 27469 14.764 664.10 209.08 0.80643
10°
RPKC 313 0.036120 7.4841 -5.2378
323 0.052779 10.936 —6.4237
333 0.092497 19.165 —8.1758
298 0.011292 2.3396 —2.1059 124.50 34.539 0.99999
313 0.025890 5.3656 -4.3718
PPKC
323 0.039412 8.1662 —5.6394
333 0.059387 12.305 —6.9491
298 0.15420 31.500 -8.5476 60.519 9.3592 0.99985
313 0.19134 39.646 —9.5764
CPPKC
323 0.21359 44.256 -10.178
333 0.23843 49.402 -10.797
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Figure 10: Vant-Hoff’s plots for adsorption of Pb** onto RPKC, PPKC and CPPKC

4. Conclusion

The study has shown that physical pyrolysis followed by activation with phosphoric acid
(H3PO4) on palm kernel chaff has converted the raw lingo-cellulosic substance to a very
effective adsorbent (CPPKC) for the removal of Pb*" ions from water. FTIR analysis showed
that thermal and chemical modifications enabled the doping of nitrogen and phosphorus and
increased the oxygenated functional groups such as O—H stretching and C=O stretching for
better adsorption. SEM-EDX showed improved porous structure with sponge-like surface and
higher oxygen content for better adsorption. Similarly, the thermo-gravimetric analysis (TGA)
confirms the improved thermal stability (30.97% carbon) which has improved the properties,

structure, and adsorption capacity of CPPKC. The adsorbent CPPKC exhibited the maximum
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BET surface area of 116.13 m?/g, pore volume of 1.4327 cm?/g and pore diameter of 2.3752 nm.
XRD patterns show amorphous arrangement in the modified biochars and crystalline
arrangement in the raw adsorbent. The pH, adsorbent amount, time and initial concentration of
lead (II) ions had a significant effect on the adsorption mechanism. The adsorption mechanism
followed an Avrami fractional order model with improved capacity. The Liu model was the best
isotherm model to describe the equilibrium data with the maximum capacity of 6131.7 mg/g at
50°C for CPPKC. Except RPKC, the lead(Il) ions were spontaneously adsorbed on the
adsorbents at 25°C. All the adsorbents showed an endothermic process of adsorption. The study
points out that agricultural waste or by-products can be converted to low-cost, efficient and

sustainable adsorbents for wastewater treatment, following the principles of circular economy.
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