ORIGINAL SCIENTIFIC PAPER

ROATICA Croat. Chem. Acta 2026, 99(2), 215-229
CT Published online: November 10, 2026
A DOI: 10.5562/cca4360

Influence of Activation Chemistry on Surface
Characteristics and Pb?* Adsorption by
Chayote-Derived Activated Carbon

Nikili K. Zhimo, ® Neilanuo Huozha, @ Daniel Kibami*

Dept. of Chemistry, Kohima Science College, Jotsoma, India

* Corresponding author’s e-mail address: danielkibs80@yahoo.co.in

RECEIVED: June 7, 2026 #* REVISED: September 11, 2026 # ACCEPTED: September 29, 2026

Abstract: Activated carbon was synthesized from chayote (Sechium edule) biomass using KOH, HNOs, and FeCls as chemical activating agents,
and its performance for Pb?* removal from aqueous solution was systematically investigated. The influence of activation chemistry on the
structural and surface characteristics of the resulting carbons was examined using BET, SEM, FTIR, XRD, EDX, pHz:c, and XPS analyses. Distinct
variations in pore development and surface functionality were observed among the three activated carbons, reflecting the different effects of
the activating agents. KOH activation produced the most favourable adsorbent, exhibiting the highest specific surface area (1103.57 m?g™), a
Langmuir maximum adsorption capacity of 57.811 mg g, and Pb?" removal efficiencies approaching 98%. Equilibrium data were best
represented by the Langmuir model for KOH- and HNOs-activated carbons, whereas the Freundlich model more adequately described the
adsorption behaviour of the FeCls-activated carbon. Kinetic analysis showed that the pseudo-second-order model provided the closest fit to
the experimental data, while the combined characterization results suggested that Pb?* adsorption was governed by the combined influence
of electrostatic interactions, oxygen-containing surface functional groups, and diffusion within the pore network. These findings demonstrate
that the choice of activating agent strongly influences the adsorption behaviour of chayote-derived activated carbon, with KOH activation
producing the most effective adsorbent under the experimental conditions investigated.
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performance  requires a more comprehensive
understanding of the interaction between Pb?* ions and

INTRODUCTION

D ESPITE the well-established toxicity, persistence, and
non-biodegradable nature of Pb2Z* which unlike
organic pollutants, does not break down in water and can
remain in aquatic systems for extended periods, its removal
from water is still predominantly evaluated based on
adsorption capacity alone. However, adsorbents exhibiting
comparable capacities frequently demonstrate different
performances under realistic conditions. This variation
arises not only from differences in experimental
parameters, but also from the way adsorption mechanisms
are interpreted. In many studies, PbZ* uptake is primarily
correlated with surface area and pore structure, whereas
the contribution of surface functional groups and
specific binding interactions remains less thoroughly
explored. Consequently, achieving improved adsorption

active surface sites, particularly in the presence of
competing ions.[!l Even at low concentrations, lead
exposure can cause severe health problems, especially
affecting the nervous system and kidneys.[23! Continuous
release from industrial sources such as battery
manufacturing, electroplating, and mining has contributed
to its widespread presence in water bodies.[l Its
persistence and tendency to accumulate in living systems
emphasize the need for effective treatment technologies.
As a result, organizations such as the World Health
Organization and the U.S. Environmental Protection
Agency have established strict regulatory limits for lead in
water, >l increasing the demand for adsorption systems
that can perform efficiently under dilute and chemically
complex conditions.
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Various techniques, including chemical precipitation,
ion exchange, membrane processes, and electrochemical
treatment, have been developed for Pb2* removal. Although
these methods are effective under controlled conditions,
they often involve high operational costs, sensitivity to water
chemistry, and the generation of secondary waste requiring
further treatment.[”8] In contrast, adsorption has emerged as
a more practical approach due to its simplicity, efficiency,
and adaptability. The availability of low-cost adsorbents
derived from natural materials, industrial by-products, and
agricultural residues further enhances its applicability,
particularly for large-scale systems.l®! Activated carbon
remains one of the most widely studied adsorbents for heavy
metal removal. Increasing evidence indicates that adsorption
behaviour is strongly influenced by surface functional
groups, pore accessibility, and the chemical nature of active
sites.[10-12] This has driven interest in tailoring biomass-
derived carbon materials through controlled modification. In
this context, chayote (Sechium edule), an underutilized
lignocellulosic biomass, presents potential as a precursor for
activated carbon. Despite its availability and favorable
composition, its application in heavy metal adsorption
remains limited, offering scope for developing adsorbents
with tailored properties. Chemical activation plays a key role
in defining the properties of carbon materials. KOH activation
promotes pore development and surface area, whereas
HNOs treatment introduces oxygen-containing functional
groups that enhance metal ion interactions FeCls activation
modifies the surface by introducing iron-associated sites,
enabling additional adsorption pathways such as coordina-
tion or surface complexation.!'3-161 These strategies therefore
produce distinct surface environments rather than simply
improving adsorption to varying extents.

In this study, chayote (Sechium edule)-derived acti-
vated carbons prepared via KOH, HNOs, and FeCls activa-
tion were evaluated for Pb2* removal) with emphasis on
linking adsorption behaviour to surface characteristics. It is
hypothesized that activation chemistry defines distinct sur-
face environments, thereby governing both adsorption
capacity and mechanism.

MATERIALS AND METHODS

Chayote (Sechium edule) biomass (leaves, stems, and vines)
was used as the precursor for the activated carbon prepa-
ration. Potassium hydroxide (KOH), nitric acid (HNOs), ferric
chloride (FeCls), and lead nitrate [Pb(NOs),] of analytical
grade were used as received. All solutions were prepared
using deionized water.

Preparation of Activated Carbon

The collected chayote biomass (stem and leaves) was
washed thoroughly with distilled water and dried in a

laboratory drying oven at 105 °C for 24 h. The dried biomass
was placed in a covered stainless-steel container and
carbonized in a muffle furnace. The temperature was
increased from room temperature to 450 °C at a heating
rate of 10 °C min~! and maintained at 450 °C for 3 h to
produce biochar. The use of the covered stainless-steel
container restricted direct exposure of the biomass to
atmospheric oxygen during thermal treatment. After
carbonization, the biochar was allowed to cool naturally to
room temperature inside the furnace before chemical acti-
vation. The obtained biochar was separately impregnated
with KOH, HNOj3, and FeCls at a precursor-to-activator ratio
of 1:4 (w/ w). Each mixture was agitated at 150 rpm for
24 h at room temperature and subsequently dried at
105 °C. The dried impregnated materials were placed in the
covered stainless-steel container and heated in the muffle
furnace from room temperature to 600 °C at 10 °C min7l,
followed by a holding period of 1 h at 600 °C. After activa-
tion, the materials were allowed to cool naturally to room
temperature inside the furnace before washing with
distilled water until neutral pH was attained. The washed
materials were again dried in a laboratory drying oven at
105 °C, ground, and sieved to obtain particles in the 100—
150 um range. The resulting carbons were designated as
KAC, HAC, and FAC for the KOH-, HNOs-, and FeCls-activated
materials, respectively.

Preparation of Pb2* Solutions

A stock solution of Pb2* (1000 mg L) was prepared by
dissolving Pb(NOs); in deionized water and diluting to 1 L.
Working solutions (10-100 mg L) were prepared by
appropriate dilution of the stock solution.

Characterization of Adsorbents

The specific surface area and pore characteristics were
determined using BET analysis (Quantachrome, USA).
Surface morphology was examined using SEM and XRD
(JEOL JSM-6390LV), and functional groups were identified
using FTIR (PerkinElmer Spectrum 100/Frontier IR). The
point of zero charge (pH,pc) was determined using the pH
drift method. The structural properties of the materials
were analysed using X-ray diffraction (XRD- Xpert Pro MPD,
Malvern Panaylytical). Surface elemental composition and
chemical states were investigated using X-ray
photoelectron spectroscopy (XPS- ESCALAB Xi+ Thermo
Scientific) performed before and after Pb2+ adsorption.

Batch Adsorption Experiments

Batch adsorption experiments were carried out in 500 mL
Erlenmeyer flasks containing 250 mL of Pb2* solution. The
effects of initial PbZ* concentration (10-100 mg L),
adsorbent dosage (0.1-1.0 g), contact time (5 min to 24 h),
and solution pH (2-10) were investigated. The pH was
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adjusted using 0.1 M HCl or 0.1 M NaOH. All experiments
were conducted at 25 + 2 °C with agitation at 150 rpm. At
predetermined intervals, samples were withdrawn,
filtered, and analysed using ICP-OES (PerkinElmer Avio 220
Max). All experiments were performed in triplicate, and the
results are reported as mean + standard deviation. The
removal efficiency and adsorption capacity were calculated
using:

Ci — Cf

Removal % = -100 %

Ci

Ci — Ce

Il
<

ge

where, ¢ = initial concentration of Pb2* (mg L), ¢ = final
concentration of Pb2* after treatment (mg L), ce =
equilibrium concentration of PbZ* (mg L), m = mass of
adsorbent used (g), V = volume of the solution (L).

Isotherm and Kinetic Modelling

All isotherm and kinetic models were fitted using nonlinear
regression in OriginPro 8.5 (OriginLab) to obtain the model
parameters directly. The experimental data were fitted
directly to the nonlinear forms of each model, and the
resulting parameters were used for subsequent model
evaluation. Parameter uncertainty and confidence interval
analyses were not included in the present study.

The Langmuir model, which assumes monolayer
adsorption on a homogeneous surface with identical active
sites along with Separation factor Ry, is expressed as:

quLCe 1
=M Rg=—"
1+K.ce 1+Kico

Qe (1)

where ge - adsorption capacity at equilibrium (mg g1), gm —
max. monolayer adsorption capacity (mg g1), K. -Langmuir
adsorption constant (L mg), ce -equilibrium conc. of
adsorbate in solution (mg L1).

The Freundlich model, describing adsorption on
heterogeneous surfaces, is given by:

Ge = KF(Ce); (2)

where g. - adsorption capacity at equilibrium (mg g), K-
adsorption capacity constant, n - adsorption intensity, ce-
equilibrium conc. of adsorbate in solution (mg L™).

The Temkin isotherm, which accounts for
adsorbate—adsorbent interactions and variations in
adsorption energy, is expressed as:

ge = B In(Arce) (3)

where g. - adsorption capacity at equilibrium (mg g1), B -
heat of adsorption, Ar-Temkin equilibrium binding constant
(L g™), ce-equilibrium conc. of adsorbate in solution (mg L1).

All isotherm models were fitted using nonlinear
regression to obtain model parameters directly. The
adsorption kinetics of Pb2* were analysed using pseudo-
first-order and pseudo-second-order models, both applied
in their nonlinear forms.

The pseudo-first-order model is expressed as

gr =1—exp™®t (4)

where g;- capacity at time t(min~1) , ge- adsorption capacity
at equilibrium (mg g1), K1- (min—") is the rate constant.
The pseudo-second-order model is given by:

Kaqdt

f=— (5)
1+ quet

where g+ capacity at time t, g.- adsorption capacity at
equilibrium (mg g), K- rate constant (g mg=! min-1).

To further investigate the adsorption mechanism,
the intraparticle diffusion (IPD) model was applied and is
expressed as:

1
Gr =Kgt2 +C (6)

where g capacity at time t (min), Ky - diffusion rate
constant, C represents the boundary layer thickness.

The IPD plots were analysed for multi-linearity to dis-
tinguish between boundary layer diffusion and diffusion
within the pores of the adsorbent. The suitability of the
kinetic models was assessed based on the coefficient of de-
termination (R?) and the agreement between experimental
and calculated equilibrium adsorption capacities (ge).

Error Analysis

To evaluate the agreement between the experimental data
and the adsorption models, chi-square (x2) and root mean
square error (RMSE) were employed alongside the coeffi-
cient of determination (R2). Although R? provides an indica-
tion of the overall goodness-of-fit, it does not adequately
reflect the magnitude and distribution of deviations
between the experimental observations and model predic-
tions. Therefore, 2 and RMSE were used to quantify these
deviations and provide a more comprehensive assessment
of model performance. Models with lower 2 and RMSE
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values were considered to better represent the experi-
mental adsorption behaviour. The combined use of these
statistical indicators with R? is widely adopted for evaluat-
ing nonlinear adsorption models.[?324 The y2 and RMSE val-
ues were calculated by comparing the experimentally
determined adsorption capacities with the corresponding
values predicted by the nonlinear regression models. For
the isotherm analysis, nonlinear regression was performed
using ten equilibrium data points corresponding to initial
PbZ* concentrations ranging from 10 to 100 mg L. In the
error function equations, g and g. represent the experi-
mental and calculated adsorption capacities, respectively,
while mmm denotes the total number of experimental data
points included in each nonlinear regression analysis.

m 3 2
X2 — Z[ Je gc j (7)

i=1 gc

RMSE = iZ(qe -qc)? (8)

Regeneration and Reusability
Assessment

The regeneration and reusability of KAC, HAC, and FAC were
assessed over five successive adsorption—desorption cycles.
Following each adsorption cycle, the exhausted adsorbent
was treated with 0.1 M NaOH solution to desorb the retained
Pb?* ions. The material was subsequently washed with
distilled water until neutral pH was attained, then dried prior
to reuse. The regenerated adsorbent was reapplied under
identical experimental conditions in each subsequent cycle
to evaluate its stability and reusability performance.

Comparison with Commercial Activated
Carbon

For comparative evaluation, a commercially available pow-
dered activated carbon (CAC) was used as a reference ad-
sorbent. The commercial material was used as received
without further chemical treatment and sieved to obtain a
particle size of 100-150 um, comparable to that of the syn-
thesized activated carbons (Information regarding its spe-
cific surface area and pore characteristics was not available
from the manufacturer and was therefore not determined
in the present study). Adsorption experiments were per-
formed under the same optimized conditions used for the
synthesized activated carbons, using an initial Pb2* concen-
tration of 70 mg L1, an adsorbent dosage of 1.0 g, solution
pH 6.0, a contact time of 24 h, agitation at 150 rpm, and a
temperature of 25 + 2 °C. Following adsorption, the suspen-
sions were filtered and the residual Pb2* concentration was
determined using ICP-OES.

Adsorption in Spiked Natural Water
Samples

The applicability of the synthesized activated carbons
under more representative water conditions was investi-
gated using PbZ*-spiked natural water samples. Natural
water was collected from Jotsoma Village (25.69215° N,
93.96780° E), Nagaland, in clean polyethylene containers
and stored at room temperature until use. Prior to the
adsorption experiments, the water was characterized for
its physicochemical properties, including pH (7.3), electrical
conductivity (5.81 uS cm™1), total dissolved solids (3.82 mg
L-1), salinity (1.61 mg L™1), total hardness (54 mg L), cal-
cium (12.02 mg L), and magnesium (5.84 mg L1). The
sample was subsequently spiked with PbZ* to obtain an
initial concentration of 70 mg L. Batch adsorption
experiments were carried out using 1 of adsorbent with a
contact time of 24 h at 25 = 2 °C and an agitation speed of
150 rpm. The natural water pH was maintained without
further adjustment throughout the experiment. After
adsorption, the suspensions were filtered and the residual
PbZ* concentration was quantified using ICP-OES
(PerkinElmer Avio 220 Max). The adsorption performance
obtained in the natural water matrix was compared with
that observed in deionized water under identical
experimental conditions.

RESULTS AND DISCUSSION

Surface Charge Characteristics (pHzpc)

The pH,pc values (Figure 1) varied with the activating agent,
highlighting the marked influence of chemical activation on
the surface characteristics of the prepared carbons. KOH
activation resulted in the highest pH,,c (~6.5), whereas
HNOs- and FeCls-activated carbons exhibited lower values
(~4-5), indicating a comparatively more acidic surface
following oxidative activation.?°] Below the pH., the
adsorbent surface carries a net positive charge, reducing its
affinity for Pb2* ions because of electrostatic repulsion. As
the solution pH exceeds the pH,,, the surface becomes
increasingly negatively charged, creating more favourable
conditions for Pb2+ adsorption, although other interactions
may also contribute to the overall adsorption process.[26:27]-
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Figure 1. pH,pc of KAC, HAC and FAC.
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These differences in pH;,c demonstrate that the choice of
activating agent alters the surface charge characteristics of
the carbon, thereby influencing its interaction with PbZ
ions over different pH ranges.

Physicochemical and Textural
Characterization

Activated carbons prepared at a 1 : 4 precursor-to-activator
ratio exhibited clear differences in composition and pore
structure depending on the activating agent (Table 1). KOH
activation resulted in higher fixed carbon (79.60 %) and
lower ash content, along with the highest iodine number
(907.87 mg g1), suggesting enhanced microporosity.[2425]-

120KV X1,000 1opm 0000 "1 36 SEI 20kV’7 X3,000 “6pm 0000 1136 SEI

Figure 2. SEM images of (A) Unactivated Carbon, (B) KOH
Activated Carbon, (C) HNOs Activated Carbon (D) FeCls
Activated Carbon.
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In agreement with this, it also displayed the highest
BET surface area (1103.57 m? g!) and pore volume
(0.601 cm®* g1), which are typical of effective KOH
activation.[!3] SEM images further reveal a well-developed
and interconnected porous structure. HNO; activation
yielded the highest recovery (34.01 %) with moderate
structural development. Its BET surface area (925.71 m2 g~
1) and iodine number (832.99 mg g!) indicate appreciable
porosity, while SEM micrographs show a wrinkled and
irregular surface. This suggests that oxidation mainly
modifies surface characteristics rather than significantly
enhancing pore formation, consistent with previous
reports on nitric acid-treated carbons.[1415] In contrast,
FEC|3
(756.94 m?2 g1), higher ash content, and reduced pore
volume (0.403 cm? g1). SEM observations reveal irregular
and partially obstructed structures, likely due to residual
inorganic species, which may restrict pore accessibility and
influence adsorption behaviour.[26:27]

activation resulted in a lower surface area

Surface Functional Group Analysis (FTIR)
The FTIR spectra (Figure 3) confirm the presence of surface
functional groups relevant to Pb2* adsorption. A broad
band at 3300-3500 cm™! corresponds to O—H stretching,
while peaks around 2850-3000 cm™! are attributed to C—H
vibrations, typical of carbon materials.[2425-The KOH-acti-
vated carbon shows relatively weaker oxygen-related
bands, with features near 1588 cm~1 (C=C) and 1287 cm™1
(C-0), indicating a more carbonized surface with limited
functional groups. This suggests that adsorption is mainly

1500 1000
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2000

Wavenumber (cm’™)

Figure 3. FTIR spectra of A- KOH AC, B- HNO3 AC and C- FeCl3 AC.

Table 1. Proximate and textural properties of activated carbons prepared at a 1:4 precursor-to-activator ratio.

sample Moisture /% Ash /% M\;zl[ztril/e% Fixed Cozrbon / Izngir:gi/ BET Sunl;ff;?lArea/ Pc;:;\/;l/ Avg. Porenaiameter/
KAC (KOH) 2.40 2.10 11.91 79.60 907.87 1103.57 0.601 2.14
HAC (HNO3) 4.08 2.92 14.73 66.78 832.99 925.71 0.489 211
FAC (FeCls) 4.50 3.11 19.11 66.19 708.49 756.94 0.403 2.13
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governed by its developed pore structure 3MIn contrast,
the HNOs-treated carbon exhibits a distinct band at
1733 cm™ (C=0) along with peaks between 1314 and
989 cm}, indicating the introduction of oxygen-containing
groups that can enhance PbZ* adsorption through surface
interactions.!1415] For the FeCls-activated carbon, bands at
1386, 1020, and 871 cm™ are associated with C—O vibra-
tions and possible metal-oxygen linkages, suggesting the
presence of residual inorganic species that may influence
adsorption behaviour.27l Overall, KOH activation favours
pore-driven adsorption, HNOs; enhances surface functional-
ity, and FeCls shows a combined but comparatively moder-
ate effect.

EDX and XRD Analysis

The XRD patterns (Figure 4) indicate that all synthesized
activated carbons are predominantly amorphous,
exhibiting broad diffraction features characteristic of
disordered carbonaceous materials. KOH-activated carbon
displayed slightly greater structural ordering than the
HNOs- and FeCls-activated samples, although all materials
retained an essentially amorphous nature. Such structural
characteristics are favourable for adsorption because they
provide abundant defects and accessible adsorption

sites.[26.27) The EDX analysis further demonstrated that the
activating agent influenced the elemental composition of
the synthesized activated carbons. Carbon and oxygen
were the predominant elements in all samples, confirming
the successful conversion of chayote biomass into activated
carbon. KOH-activated carbon exhibited the highest carbon
content and comparatively lower oxygen content,
reflecting a greater degree of carbonization. In contrast,
HNO; activation resulted in increased oxygen content,
consistent with the formation of oxygen-containing surface
functionalities observed in the FTIR spectra.l'4!5 Fe was
detected only in the FeCls-activated carbon, indicating the
presence of residual iron-containing species following
chemical activation. Together with its higher ash content
and lower surface area, this suggests that FeCls activation
produced a comparatively more heterogeneous surface
environment than KOH and HNOs activation [26.27): However,
because high-resolution Fe 2p XPS analysis was not
performed, the chemical state and contribution of the
detected Fe species to Pb2* adsorption could not be
conclusively established. Overall, the XRD and EDX results
complement the BET and FTIR analyses, demonstrating that
KOH activation primarily enhanced pore development,
HNO; activation increased surface oxygen functionalities,
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Figure 4. EDX spectra of KOH (A), HNOs (B), and FeCls(C) activated carbon samples showing the elemental composition of the
prepared adsorbents and (D) XRD patterns of KOH, HNOs, and FeCls activated carbon samples showing the structural

characteristics of the prepared adsorbents.
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whereas FeCls activation resulted in a more heterogeneous
surface with detectable residual Fe. These differences are
consistent with the observed adsorption performance of
KOH-activated carbon > HNOs-activated carbon > FeCls-
activated carbon.[13-15.26,27].

XPS

The XPS survey spectra acquired before and after PbZ
adsorption were analysed to evaluate changes in the
surface chemical composition of the synthesized activated
carbon. Before adsorption, the survey spectrum was
dominated by carbon and oxygen, with nitrogen detected
in comparatively lower amounts, reflecting the
characteristic elemental composition of the prepared
adsorbent. Following Pb?* adsorption, the appearance of
the Pb4f signal confirmed the presence of Pb-containing
species on the activated carbon surface, providing direct
evidence for the successful uptake of lead ions 3132
Although carbon and oxygen remained the predominant
surface elements after adsorption, the emergence of the
Pb4f signal clearly demonstrated the effective
immobilisation of Pb?* on the synthesized activated carbon.
The high-resolution O1s spectrum was further examined to
characterise the oxygen-containing surface functionalities
that may participate in the adsorption process. Peak
deconvolution revealed contributions corresponding to
carbonyl (C=0) and hydroxyl/ether (C—O/C-OH) groups,
which are commonly associated with activated carbon
materials and are recognised as potential interaction sites
for heavy metal ions.3334 These oxygen-containing
functionalities, together with the complementary FTIR
results, suggest that the adsorption of PbZ* is facilitated
through interactions with chemically active surface groups.
However, comparative analysis of binding-energy shifts
before and after adsorption was not performed. Therefore,
the available XPS data are insufficient to establish the
specific nature of the PbZ*—surface interaction or to
determine the adsorption mechanism conclusively.
Consequently, the XPS results are interpreted as supporting
the involvement of surface oxygen functionalities in PbZ
adsorption rather than providing conclusive evidence of
specific surface complexation. Collectively, the XPS findings
complement the FTIR analysis by confirming the presence
of Pb species on the activated carbon after adsorption
while highlighting the abundance of oxygen-containing
functional groups that may contribute to Pb2?* binding.
Although additional high-resolution analyses would be
required to establish the precise nature of the adsorbent—
adsorbate interactions, the present results clearly
demonstrate the successful adsorption of Pb2* and further
support the potential of the synthesized activated carbon
as an effective adsorbent for the removal of lead from
contaminated aqueous systems.[35)
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Figure 5. XPS characterization of the synthesized activated
carbon before and after Pb2* adsorption: (A) high-resolution
O1s spectrum with peak fitting, (B) survey spectrum before
adsorption, and (C) survey spectrum after adsorption.

Batch Adsorption

Based on the optimization studies described above, an ini-
tial Pb2* concentration of 70 mg L™, adsorbent dosage of
1.0 g, solution pH of 5.0, contact time of 24 h, and a tem-
perature of 25 + 2 °C were selected for all subsequent
adsorption experiments. These conditions were employed
for the batch adsorption, isotherm, kinetic, regeneration,
commercial activated carbon comparison, and natural
water studies.

Effect of Initial Concentration and
Dosage
The adsorption behaviour of the prepared activated
carbons was significantly influenced by both the initial Pb2*
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concentration and adsorbent dosage. Increasing the Pb2*
concentration from 10 to 100 mg L™! resulted in a gradual
increase in adsorption capacity (ge), indicating enhanced
interaction between Pb2* ions and the available adsorption
sites. However, the overall removal efficiency decreased at
higher concentrations due to progressive saturation of
active sites. Among the prepared adsorbents, KOH-
activated carbon exhibited the best performance, achieving
a maximum removal efficiency of nearly 96 % along with
the highest adsorption capacity. Similarly, increasing the
adsorbent dosage from 0.2 to 1.0 g improved Pb?* removal
efficiency because of the greater availability of adsorption
sites, whereas the adsorption capacity per unit mass
decreased at higher dosages, likely due to partial particle
aggregation and incomplete utilization of active sites. The
superior adsorption performance of KOH-activated carbon
can be attributed to its enhanced pore development and
improved surface accessibility for Pb2+ adsorption.[28-30]

Effect of pH and Contact Time
The adsorption behaviour of the prepared activated
carbons was strongly influenced by solution pH and contact
time (Figure 7). Pb?* removal increased steadily with
increasing pH, reaching its highest value at pH 5 for all
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Figure 6. Influence of Pb?* concentration and adsorbent
dosage on the removal efficiency and adsorption capacity
(ge) of KOH-, HNOs-, and FeCls-activated carbons.

adsorbents. Under acidic conditions, the abundance of H*
ions compete with Pb2* for the available adsorption sites,
resulting in lower removal efficiencies. A slight decrease in
Pb2* uptake beyond pH 5 suggests that changes in both the
adsorbent surface charge and the aqueous speciation of
lead begin to influence the adsorption process. As the solu-
tion becomes more alkaline, Pb?* may undergo hydrolysis,
and the possible formation of lead hydroxide species can-
not be excluded. Therefore, Pb2* removal at higher pH
should not be interpreted solely as adsorption. Since the
optimum adsorption was achieved at pH 5, all subsequent
experiments were carried out under conditions where the
contribution of precipitation is expected to be minimal. The
pH-dependent adsorption behaviour also agrees well with
the pH,pc characteristics of the prepared adsorbents. The
effect of contact time revealed a rapid initial uptake of PbZ*,
with more than 90 % removal achieved within the first 60
min, followed by a slower approach to equilibrium between
120 and 240 min as the remaining adsorption sites became
progressively occupied. Among the prepared adsorbents,
KOH activated carbon consistently exhibited the highest
removal efficiency (~98 %) and adsorption capacity, reflect-
ing its larger surface area and more developed pore struc-
ture as confirmed by the BET and SEM analyses.[28:30]-
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Figure 7. Influence of contact time and solution pH on the
removal efficiency and adsorption capacity (q¢) of Pb?* by
KOH-, HNOs-, and FeCls-activated carbons.
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Adsorption Studies
ISOTHERM MODELLING
The equilibrium adsorption behaviour of PbZ* onto the pre-
pared activated carbons was examined using the Langmuir,
Freundlich, and Temkin isotherm models (Figure 8 and
Table 2). The Langmuir model showed the closest
agreement with the equilibrium data for KOH- and HNOs-
activated carbons, as reflected by their higher R? values
together with lower y2 and RMSE values. This indicates that
PbZ*  adsorption
predominantly through monolayer coverage on relatively
homogeneous adsorption sites. The maximum monolayer
adsorption capacities were estimated to be 57.811, 48.380,
and 46.781 mg g for KOH-, HNOs-, and FeCls-activated
carbons, respectively, following the same adsorption trend

on these adsorbents occurred

observed in the batch experiments. The equilibrium data
obtained within the investigated concentration range (10—
100 mg L1) were well described by the Langmuir model,
providing reliable estimates of the adsorption parameters.
The superior adsorption performance of KOH-activated
carbon is attributed to its larger specific surface area,
enhanced pore development, and greater accessibility of
active sites, as evidenced by the BET and SEM analyses.
Furthermore, the R, values, which ranged between 0 and 1,
confirmed that Pb2* adsorption was favourable across the
concentration range investigated. In comparison, the
Freundlich model provided a better description of the
adsorption behaviour of FeCls-activated carbon, suggesting
a more heterogeneous surface with adsorption sites of
varying energies. This observation is consistent with the
surface characteristics revealed by the SEM, EDX, and XRD
analyses, which indicated a less uniform pore structure and

the presence of residual inorganic species following FeCls
activation. Likewise, the n! values below unity further
support favourable adsorption for all prepared adsorbents.
Although the Temkin model also described the equilibrium
data, its comparatively lower fitting accuracy indicates that
variations in adsorption energy alone could not fully
account for the observed adsorption behaviour. Overall,

Table 2. Isotherm parameters and error analysis for Pb2*
adsorption onto KOH, HNOs, and FeCls activated carbons.

Model Parameter KAC HAC FAC

R? 0.997 0.999 0.994

- Gmax / Mg gt 57.811 48.380 46.781

g K./Lmg? 0.002 0.002 0.003

% R (dimensionless) 0.877 0.850 0.800

- ya 0.847 0.338 1.767

RMSE / mg g™ 0.920 0.581 1.329

R? 0.996 0.998 0.982

é Ke/ mgg? 0.663 0.699 0.8199

% n~*(dimensionless) 0.911 0.883 0.838
W

< X 1.275 0.657 0.109

RMSE / mg g™ 1.129 0.811 0.331

R? 0.966 0.969 0.972

- Ar/Lg? 0.093 0.088 0.093

% B/J mol™ 18.016 17.425 16.719

a ya 14.042 7.132 5.950

RMSE / mg g™ 3.747 2.670 2.439
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Figure 8. Langmuir, Freundlich, and Temkin isotherm model fitting for Pb2* adsorption onto KOH, HNOs, and FeCls activated

carbons.
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the isotherm analysis demonstrates that activation
chemistry had a pronounced influence on the adsorption
characteristics of the prepared carbons, with KOH- and
HNOs-activated samples  exhibiting  predominantly
monolayer adsorption, while FeCls activation produced a
comparatively more heterogeneous adsorption
surface.[27,30)

KINETIC MODELLING
Pseudo First and Pseudo Second Order
The adsorption kinetics of Pb2* onto the prepared activated
carbons were analysed using the pseudo-first-order (PFO)
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Figure 9. Kinetic parameters and fitting error analysis for
Pb2* adsorption onto KOH-, HNOs-, and FeCls-activated
carbons using pseudo-first-order, pseudo-second-order.

and pseudo-second-order (PSO) models (Figure 9 and Table
3). Among the two models, the PSO model exhibited
consistently better agreement with the experimental data,
as reflected by higher R? values (0.99233-0.99652)
together with lower y2 and RMSE values. Moreover, the
calculated equilibrium adsorption capacities (gca) were in
close agreement with the experimental values (Gexp),
indicating that the PSO model more accurately represented
the adsorption kinetics. Although the PFO model described
the initial uptake reasonably well, its comparatively lower
R? values and higher fitting errors suggest that it was less
suitable for representing the overall adsorption process.
Similar observations have been reported for PbZ*
adsorption onto biomass-derived activated carbons, where
the PSO model consistently provides a better fit to the
experimental data.l21-2430-33]  Among the prepared
adsorbents, the KOH-activated carbon exhibited the
highest equilibrium adsorption capacity (17.30 mg g1),
which is consistent with its larger specific surface area and
well-developed pore structure revealed by the BET and
SEM analyses. The equilibrium adsorption capacities
obtained from the kinetic study were lower than the
Langmuir maximum adsorption capacities (gmax),
reflecting the different objectives of the two models rather
than any inconsistency in the results. The kinetic
experiments were performed at a fixed initial Pb2?*
concentration (70 mg L), whereas the Langmuir model
was derived from equilibrium data collected over a broader
concentration range (10-100 mg L1). Accordingly, the
kinetic g. values represent adsorption under a fixed
experimental condition, whereas the Langmuir Qgmax
corresponds to the theoretical maximum monolayer
adsorption capacity obtained from equilibrium modelling.

Table 3. Kinetic parameters and fitting error analysis for Pb2*
adsorption onto KOH-, HNOs-, and FeCls-activated carbons
using pseudo-first-order, pseudo-second-order.

Model Parameter KOH HNO: FeCls
R 0.961 0.931 0.886
g K+ / mint 0.091 0130  0.119
% G/ Mg &1 17.297 9728  12.116
E Geot/ ME 871 16308 9190  11.669
S
3 ¥/ mggt 1.047 0.387 0.513
RMSE / mg g™ 1.047 0.622 0.716
- R 0996  0.995 0.992
s K>/ mint 0.007 0.021 0.015
% G/ Mg &1 17.297 9728  12.116
4 Geot/ ME 871 17.357 9687  12.289
E v/ mggt 0.100 0.028 0.039
< RMSE / mg g™ 0316  0.168 0.199
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Intra Particle Diffusion

The IPD plots exhibited clear multilinear behaviour, indicat-
ing that Pb2* uptake did not proceed through a single diffu-
sion pathway but involved successive mass-transfer stages.
Accordingly, the g:vs t1/2 plots were divided into two linear
regions, and each region was analysed independently
(Figure 10 and Table 4). The steeper slopes observed in the
initial region reflect the rapid uptake of Pb?* immediately
after contact with the adsorbents, when a large proportion
of the surface adsorption sites remained readily
available.34- Among the prepared activated carbons, KOH-
activated carbon exhibited the highest diffusion rate
constant (Kg), consistent with its larger BET surface area
and more developed pore structure, which likely facilitated
faster access to available adsorption sites 3536l during the
early stage of adsorption. As adsorption progressed, the
slope decreased markedly in the second linear region,
suggesting that the uptake rate became progressively
slower as Pb?* ions diffused into the internal pore network
and the readily accessible surface sites were gradually
occupied. The positive intercept (CCC) values obtained for
both regions indicate that the fitted lines did not pass

Table 4. Intra-particle diffusion parameters obtained from
separate linear regression of Region | and Region Il for Pb2*
adsorption onto the prepared activated carbons.

Adsor- _ Va1 Ka/ c/
bent Region t¥2/min mggimint  mgg

| 2.236-7.746 1.4282 5.1045 0.9148

R?

KOH
Il 10.954-18.974 0.0601 15.8995 0.9176
| 2.236-7.746 0.6621 4.1722 0.9378
HNOs
Il 10.954-18.974 0.0523 8.7176  0.9501
| 2.236-7.746 0.9127 4.8305 0.9464
FeCls
Il 10.954-18.974 0.0144 11.8339 0.9343
16 ‘_-'__—-—l;ech:ll
.. 12 / m KOH
=3 8 Region | Region |
- — — Region Il
: 10 15 20 25 30 35
10 ] P——
= =% =~ TRegionli
8 :
- > ® HNO
T & A RagloA |
< — — Region Il
H 10 15 20 25 30 35
12] - gt
107 il A FeCl,
F o Region | Region
e — — Region i
0 H 10 15 20 25 30 35
t1/2 (min1/2)

Figure 10. Intra-particle diffusion plots for Pb%* adsorption
onto (a) KOH-, (b) HNOs-, and (c) FeCls-activated carbons,
showing the independently fitted linear regions (Region |
and Region Il).

through the origin, demonstrating that intraparticle
diffusion alone could not account for the adsorption
kinetics. Instead, boundary-layer diffusion and external
mass transfer also contributed throughout the adsorption
process.[3437.381 Qverall, the multilinear IPD profiles suggest
that PbZ* adsorption involved a combination of transport
mechanisms, beginning with rapid surface adsorption
followed by slower pore diffusion. Although intraparticle
diffusion contributed to Pb2* uptake, the positive intercepts
confirm that it was not the sole rate-controlling step,
highlighting the simultaneous contribution of external
mass transfer during the adsorption process.

Adsorption Mechanism

Pb?* adsorption by the synthesized activated carbons is
more appropriately viewed as the combined effect of sur-
face chemistry, surface charge, and pore structure rather
than as the result of a single adsorption pathway. The dif-
ferences observed among KAC, HAC, and FAC indicate that
the choice of activating agent influenced the physicochem-
ical properties of the resulting carbons and, consequently,
their interaction with Pb2*. The pH,p. results suggest that
electrostatic attraction contributed to Pb?* uptake when
the solution pH was above the pH,,., where the adsorbent
surface would be expected to carry a greater negative
charge. The lower adsorption under more acidic conditions
can, in turn, be associated with competition from H* ions
for available surface sites, which is consistent with the
improved removal observed around pH 5-6.[2526.281Thys,
the pH-dependent behaviour supports a contribution from
electrostatic interactions, although it does not establish
electrostatic attraction as the sole mode of adsorption. The
surface functional groups provide another important as-
pect of the adsorption behaviour. The FTIR spectra showed
oxygen-containing functionalities, including hydroxyl, car-
bonyl, and C-O groups, that could serve as sites for Pb2*
interaction. The XPS results further showed the presence of
Pb 4f signals following adsorption, confirming the retention
of Pb-containing species on the carbon surface. However,
the available XPS data do not provide sufficient evidence to
distinguish conclusively between the possible modes of
Pb?* binding. The EDX results also revealed differences in
the elemental composition of the activated carbons,
reflecting changes in surface composition following the dif-
ferent activation treatments. When considered together
with the SEM observations, which showed irregular sur-
faces containing cavities and channels, these results indi-
cate that chemical activation altered both the surface
morphology and the chemical environment of the carbons.
The oxygen-containing functionalities appear to have con-
tributed to Pb2* uptake, although their individual contribu-
tion cannot be separated from the effects of pore structure
and surface charge.[14.15.28,32,39].
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The textural properties provide a further basis for
understanding the higher adsorption exhibited by KAC.
Among the three materials, KAC possessed the highest
BET surface area (1103.57 m2 g1), total pore volume
(0.601 cm? g1), and iodine number (907.87 mg g1). Its
comparatively developed surface structure, also evident
from the SEM observations, would provide greater
accessibility to adsorption sites than the lower-surface-
area HAC and FAC. This greater availability of accessible
surface may have facilitated Pb2* transport into the porous
carbon matrix and contributed to the higher uptake
observed for KAC.[13.29-31,401 The kinetic behaviour is
consistent with this interpretation. Although the pseudo-
second-order model provided the best fit to the
experimental data, the multilinear nature of the
intraparticle-diffusion plots indicates that Pb2* uptake did
not proceed through a single transport step. The kinetic
results therefore point to the involvement of successive
processes, including surface interaction and diffusion
within the porous structure, rather than providing direct
evidence of a specific chemisorption mechanism.[21.22.33].

Overall, the higher Pb2* adsorption capacity of KAC is
consistent with the combined influence of its well-devel-
oped pore structure, favourable surface-charge character-
istics, and chemically active surface functionalities. The
results therefore do not support attributing the superior
performance of KAC to any single surface property. Instead,
the enhanced adsorption appears to arise from the way in
which the physical and chemical characteristics developed
during KOH activation collectively increased the availability
and accessibility of sites for Pb2* uptake under the condi-
tions investigated.[13-15,28-32,39,40].

Regeneration and Reusability

The regeneration behaviour of the prepared activated
carbons was assessed over five consecutive adsorption—
desorption cycles to examine their potential for repeated
PbZ* removal (Figure 11). A gradual decrease in removal
efficiency was observed for all three adsorbents with
successive regeneration cycles, indicating that the
adsorption performance could not be fully restored after

100 I koH

80 -

60

40 -

Removal %

20+

o-l

Fresh Cyclle 1 Cyc:'le 2 Cyclle 3 Cyc'le a Cyclle 5
Regeneration Cycle

Figure 11. Regeneration and reusability performance of

KOH-, HNOs-, and FeCls-activated carbons during five

consecutive Pb?* adsorption—desorption cycles.

each desorption step. Similar trends have been reported
for biomass-derived activated carbons, where repeated use
may lead to incomplete desorption of adsorbed metal ions
together with gradual blockage or deactivation of
accessible adsorption sites 30331 Among the synthesized
adsorbents, KOH-activated carbon showed the highest
regeneration stability, retaining more than 63 % of its initial
PbZ* removal efficiency after the fifth cycle, whereas HNOs-
and FeCls-activated carbons retained approximately 58 %
and 52 %, respectively. The comparatively better
performance of KOH-activated carbon is consistent with its
higher surface area and more developed pore structure,
which likely allowed greater accessibility to adsorption sites
during repeated adsorption—desorption cycles.!13.28]
Although the adsorbents remained reusable after five
cycles, the progressive reduction in removal efficiency
indicates that the regeneration procedure did not
completely restore the original adsorption capacity.
Because desorption efficiency and adsorbent mass
recovery were not determined, the relative contribution of
incomplete Pb?* desorption, loss of adsorbent during
handling, or possible changes in the adsorbent structure
could not be established. Nevertheless, the results
demonstrate that the synthesized activated carbons,
particularly KOH-activated carbon, retained appreciable
adsorption performance after repeated use, while also
indicating that further optimization of regeneration condi-
tions would be beneficial for long-term practical applications.

Comparison with commercial Carbon

The adsorption performance of the synthesized activated
carbons was compared with that of a commercially availa-
ble powdered activated carbon (CAC) under the same
experimental conditions (Figure 12). All three synthesized
carbons showed higher Pb2* removal than the commercial
material, with KAC giving the highest removal efficiency
among the adsorbents tested. The comparatively better
performance of the synthesized carbons may be related to
the changes in pore structure and surface chemistry
introduced during chemical activation, which provided

100

80+

60

40 |

Removal %

20

KOH CAC HNO, CAC FeCl; CAC

Figure 12. Comparison of Pb2* removal efficiencies of the
synthesized activated carbons with commercial activated
carbon (CAC) under identical optimized adsorption
conditions.
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favourable conditions for Pb2* uptake [13-15] However, this
comparison needs to be considered in the context of the
available characterization data. The commercial activated
carbon was not subjected to the same detailed physico-
chemical characterization, and information on properties
such as specific surface area and pore characteristics was
therefore unavailable. The difference in adsorption perfor-
mance cannot, consequently, be linked solely to the type of
activating agent or to differences in individual surface prop-
erties. The commercial carbon was included primarily as a
practical benchmark to assess the performance of the pre-
pared adsorbents under comparable experimental condi-
tions, rather than for a direct material-to-material
comparison of their physicochemical characteristics.
Within this context, the results indicate that the chayote-
derived activated carbons, particularly KAC, provide a
competitive alternative for Pb?* removal from aqueous
solution.[28:30}

Adsorption in Spiked Natural Water
Sample
To evaluate the applicability of the synthesized activated
carbons under more representative water conditions,
adsorption experiments were carried out using Pb2*-spiked
natural water collected from Jotsoma Village under the
optimized adsorption conditions. The water sample had a
pH of 7.3, total hardness of 54 mg L%, and contained Ca2*
(12.02 mg L™1) and Mg?* (5.84 mg L), providing a more
chemically complex matrix than deionized water. As shown
in Figure 13, all three adsorbents maintained high Pb2*
removal efficiencies in the natural water sample, although
a slight reduction compared with deionized water was
observed. KAC exhibited the highest removal efficiency
(~96 %), followed by HAC (~91 %) and FAC (~90 %). The
decrease in adsorption performance is most likely related

100

80

60 -

Removal %

40 |

20

o T T T
KAC HAC FAC
Activated Carbon

Figure 13. Pb?* removal efficiency of KOH- (KAC), HNOs-
(HAC), and FeCls-activated (FAC) carbons in PbZ*-spiked
natural water under optimized adsorption conditions.

to the presence of naturally occurring ions, particularly Caz
and Mg?*, which can compete with PbZ* for the available
adsorption sites.[3%40 Natural water may also contain other
dissolved constituents capable of influencing Pb2* uptake.
Although dissolved organic matter was not analysed in the
present study, its possible presence could also affect
adsorption by interacting with Pb2* ions or the adsorbent
surface.l040] Despite these additional complexities, the
synthesized activated carbons maintained high Pb2*
removal efficiencies, with KAC consistently exhibiting the
best performance. These findings suggest that the
prepared adsorbents remain effective under conditions
that more closely resemble natural water than deionized
laboratory solutions.

Comparison of Pb?* Adsorption
Performance with Reported Adsorbents

The adsorption capacities of the synthesized activated
carbons were compared with those reported for biomass-
derived adsorbents used for Pb2* removal (Table 5). As
adsorption performance is influenced by factors such as

Table 5. Comparison of Pb2* adsorption capacities of the synthesized activated carbons with previously reported biomass-

derived adsorbents.

Adsorbent precursor Activation / Modification Targeted heavy metal(s) gmax/ Mgg?t  Isotherm model Reference
Apricot stone activated carbon H2S04 activation Pb? 21.38 Langmuir 41
Banana peel activated carbon KOH activation Pb?*, Cu?*, Ni** 34.5 (Pb?) Langmuir 42
Banana peel activated carbon Al;,0s—chitosan modified Pb?*, Cd* 57.1 (Pb%) Freundlich 43
Rice husk ash Thermél treatment / ash- Pb?* 91.74 Freundlich 44
derived adsorbent
Magnetic coconut biochar Fe-modified biochar Pb? 153.1 Langmuir 28
Chayote AC (FAC) FeCls activation Pb?* 46.781 Freundlich This study
Cherry kernel activated carbon H3PO, activation Pb2*, Cd?*, Ni* 180.3 (Pb*) Langmuir 45
Chayote AC (HAC) HNOs activation Pb?* 48.380 Langmuir This study
Chayote AC (KAC) KOH activation Pb? 57.811 Langmuir This study
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solution pH, initial metal concentration, temperature,
adsorbent dosage, and other experimental conditions, the
reported values are intended to provide a general
comparison rather than a direct ranking of adsorbents.
Among the synthesized materials, KOH-activated carbon
(KAC) exhibited the highest Langmuir maximum adsorption
capacity (57.811 mg g), followed by HNOs-activated
carbon (48.380 mg g!) and FeCls-activated carbon
(46.781 mg g~1). While the adsorption capacities of the syn-
thesized activated carbons were lower than those reported
for some highly modified biomass-derived adsorbents, they
were comparable to several agricultural waste-based
adsorbents reported in the literature. The superior perfor-
mance of KAC can be attributed to its larger specific surface
area, higher pore volume, and well-developed porous
structure, which enhanced the accessibility of adsorption
sites for Pb2* uptake. These findings demonstrate that cha-
yote-derived activated carbons are effective biomass-
based adsorbents for Pb2* removal and further highlight the
important role of activation chemistry in tailoring their
adsorption performance

CONCLUSION

Activated carbons were successfully prepared from
Sechium edule biomass using KOH, HNOs, and FeCls as acti-
vating agents, producing materials with distinct physico-
chemical properties and Pb2* adsorption behaviour. Among
the prepared carbons, KOH-activated carbon showed the
highest overall adsorption performance, with a Langmuir
maximum adsorption capacity of 57.811 mg g1, along with
higher Pb2* removal and better retention of adsorption per-
formance during regeneration. This performance is con-
sistent with its higher specific surface area, greater pore
volume, and more developed porous structure, which may
have increased the accessibility of adsorption sites. HNO3
activation, in comparison, favoured the development of
oxygen-containing surface groups, while FeCls activation
produced a comparatively heterogeneous surface and
lower Pb2%* uptake. The equilibrium data were best
described by the Langmuir model for KOH- and HNO:s-
activated carbons, whereas the pseudo-second-order
model provided the closest fit to the kinetic data. Taken
together, the characterization and adsorption results sug-
gest that Pb2* uptake involved the combined contribution
of surface charge, oxygen-containing functional groups,
accessible pore structure, and diffusion rather than a single
adsorption pathway. Although the prepared carbons
showed encouraging Pb%* removal from spiked natural
water, the study was conducted using a limited water
matrix, and adsorption efficiency decreased progressively
over repeated regeneration cycles. These results indicate
the practical potential of the chayote-derived carbons,

particularly KAC, for Pb2* removal; however, their suitability
for larger-scale treatment remains to be established.
Further work should therefore examine their performance
in continuous-flow systems, assess regeneration over a
greater number of cycles, and evaluate their behaviour in
real wastewater containing competing ions and other dis-
solved constituents. Such validation will be important for
determining whether the adsorption performance
observed under controlled laboratory conditions can be
maintained in more complex treatment environments.
Overall, the findings indicate that the choice of activating
agent strongly influences the structural and surface
characteristics of chayote-derived activated carbon, with
KOH activation providing the most favourable
combination of properties for PbZ* removal under the
conditions investigated.
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