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Abstract

Lead (Pb(Il)) contamination in water is a significant environmental and public-health concern due to its persistence,
toxicity, and bio-accumulative nature. In this study, a rice-husk derived activated carbon—crab-shell derived calcium
carbonate—polypyrrole (AC/CaCQOs/PPy) bio-composite was synthesized through acid carbonization and in situ
oxidative polymerization and evaluated for Pb(II) removal from aqueous solution. The adsorbent was characterized
using FTIR, SEM, and TEM to investigate its functional groups and surface morphology.Batch adsorption
experiments were conducted to examine the effects of contact time, solution pH, adsorbent dosage, and initial Pb(II)
concentration. The Pb(II) concentrations before and after adsorption were determined using ICP—AES. The optimum
adsorbent dosage was 100 mg, achieving 99.36% Pb(Il) removal at 60 min. Increasing the initial Pb(Il) concentration
from 25 to 100 mg/L increased the adsorption capacity from 24.15 to 63.48 mg/g, while removal efficiency decreased
from 96.58 to 63.48%. The Kinetic analysis using pseudo-first-order and pseudo-second-order models showed that
the PSO model provided the better fit, indicating its suitability for describing Pb(II) adsorption kinetics. The
composite demonstrated antimicrobial activity, with inhibition zones of 13 mm against E. coli and 14 mmagainst S.
aureus, indicating its potential for dual-function wastewater remediation. Overall, the synthesized bio-composite
demonstrated promising potential for Pb(II)-contaminated water treatment and antimicrobial applications.

Keywords: Pb(Il) adsorption; Rice husk activated carbon; Crab-shell calcium carbonate; Polypyrrole; Bio-
composite; Heavy-metal removal; Water treatment.
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1. Introduction

Heavy-metal pollution in water is a
serious environmental and public-
health issue, arising from activities
such as industrial operations,
mining,  electroplating,  battery
production, textile processing, and
the release of inadequately treated
wastewater. Because heavy metals
are persistent and non-
biodegradable, they can accumulate
in aquatic environments and
threaten ecosystems and human
health (Meftah et al., 2025;
Mustapha et al., 2025; Zaimee et al.,
2021). Lead [Pb(II)] is of particular
concern because of its widespread
use in various industrial applications
and its harmful effects on human
health and the environment.
Prolonged exposure may cause
neurological, renal, cardiovascular,
reproductive, and developmental
disorders, especially in children
(EPA, 2023; WHO, 2025;
Alhashemi & Al-Obaidy, 2025;
Bashir et al., 2019). According to
the Indian Standard for drinking
water, IS 10500:2012, the
acceptable lead limit is 0.01 mg L™
(10 pg L), with no relaxation

permitted  (Bureau of Indian
Standards, 2012). Traditional
approaches for removing Pb(II)

from contaminated water, such as
precipitation, ion exchange,
membrane-based separation, reverse
osmosis, coagulation—flocculation,
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electrochemical  processes, and
solvent extraction, can be associated
with drawbacks including high
operating costs, substantial energy
requirements, membrane fouling,
and the production of secondary
sludge. Adsorption is therefore
widely investigated because of its
simplicity, effectiveness, low energy
requirement, and economic
feasibility (Bashir et al.,, 2019;
Meftah et al., 2025; Singh et al.,
2021; Zaimee et al., 2021). The
waste-derived adsorbents offer a
sustainable alternative for water
treatment (Meftah et al., 2025;
Mustapha et al., 2025; Singh et al.,
2021).

Rice-husk-derived activated carbon
provides a porous structure and
silica-containing functional groups
that promote Pb(Il) adsorption
through ion exchange and surface
complexation (Li et al., 2024; Singh
et al.,, 2021; Zaimee et al., 2021).
The crab-shell waste contains
calcium carbonate and other
functional components that provide
adsorption sites while supporting
marine-waste valorisation (Triunfo
et al, 2024; Alhashemi& Al-
Obaidy, 2025; Meftah et al., 2025).
Polypyrrole further enhances metal-
ion interactions through its chemical
stability and nitrogen-containing
groups (Maity et al., 2021; Liu et
al., 2020; Zhong et al., 2021).
Accordingly, this study synthesizes
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and evaluates a rice-husk activated

carbon—crab-shell calcium
carbonate—polypyrrole bio-
composite for Pb(Il) removal,
investigating pH, contact time,

dosage, concentration, temperature,
kinetics, and equilibrium behaviour.

2. Materials and
Methodology

The Rice husk and crab shells were
collected from a local granary and
fish market, respectively, washed,
dried, and ground into fine powders.
The  Synthesis employed a
borosilicate beaker, magnetic stirrer,
ice  bath, analytical balance,
measuring cylinders, filter paper,
UV—-Vis spectrophotometer, and
hot-air oven. The Antimicrobial
activity was evaluated using sterile

Petri  plates, nutrient  agar,
micropipettes, cork borer, cotton
swabs, autoclave, incubator, and
sterile  distilled  water  against

recognized strains of Gram-positive
Staphylococcus aureus and Gram-
negative  Escherichia coli. The
antimicrobial assay used sterile Petri
dishes, test tubes, micropipettes,
cotton swabs, a cork Dborer,
measuring cylinders, beakers, and
conical flasks.

2.1 Chemicals and Reagents

The chemicals and reagents used in
this  study included pyrrole
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monomer (99%, Sigma Aldrich),
ferric chloride (Merck),
concentrated sulphuric acid,
Mueller—Hinton broth and Mueller—
Hinton agar (MHB and MHA), 0.5
McFarland standard, ethanol, sterile
normal saline, and chloramphenicol.

2.2 Preparation of the Bio-
Composite

The rice husk-derived activated
carbon and crab shell-derived
calcium carbonate—polypyrrole
(AC/CaCOs/PPy) bio-composite
was synthesized through acid

carbonization followed by in situ
oxidative polymerization. Briefly, 3
g of washed and dried rice husk was
carbonized using 50 mL of
concentrated H>SO4 and
immediately diluted with 500 mL of
distilled water to prevent over-
carbonization. Subsequently, 3 g of
powdered crab shell was
incorporated into the carbonized rice
husk suspension and stirred for 3 h
at room temperature. The reaction
mixture was then cooled to 0-5 °C,
followed by the addition of 29 mL
of 3 M FeCl; as the oxidizing agent
and 3 mL of pyrrole monomer. In
situ polymerization was carried out
under continuous stirring for 16 h.
The resulting bio-composite was
recovered by filtration, thoroughly
washed with distilled water until
neutral pH was attained, dried at 60
°C for 24 h, and stored in an airtight
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container for subsequent
characterization and adsorption
studies.

2.3 Characterization of the
Adsorbent

The synthesized AC/CaCOs/PPy
bio-composite was characterized
using Fourier-transform infrared
spectroscopy  (FTIR), scanning

electron microscopy (SEM), and
transmission electron microscopy
(TEM). The FTIR analysis was
performed to identify the functional
groups present in the composite and
examine their possible interactions
with Pb(Il) ions. The SEM was used
to evaluate the surface morphology
and porosity, whereas TEM
provided information on the particle
distribution and nanoscale structure.
The adsorption-related changes in
the functional groups and surface
morphology were also examined
after Pb(Il) treatment to assess the
role of the composite structure in the
adsorption process. These
characterization techniques provided
complementary information
regarding the chemical composition,
morphology, and structural features
of the synthesized AC/CaCOs/PPy
bio-composite.
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2.4 Lead adsorption experiment:

2.4.1 Preparation of Heavy Metal
Solutions:

A 1000 mg/L Pb(Il) stock solution
was prepared by dissolving 1.598 g
of Pb(NO:s). in distilled water and
making the volume up to 1 L in a
volumetric flask. Working solutions
of the required concentrations were
prepared by appropriate dilution
with distilled water, and their pH
was adjusted using dilute HCI or

NaOH before the adsorption
experiments.

2.4.2 Batch Adsorption
Experiments and Performance
Evaluation

The Batch adsorption studies were
conducted to assess the Pb(I)-
removal performance of
AC/CaCOs/PPy bio-composite. The
influence of pH, adsorbent dosage,
contact  time, initial  Pb(II)
concentration, and temperature was
examined individually while
maintaining all other operating
conditions  constant.  Following
treatment, the adsorbent was
separated by filtration, and the
remaining Pb(II) concentration in
the filtrate was quantified using
inductively coupled plasma—atomic
emission spectroscopy (ICP-AES).
The adsorption efficiency was
determined from the equilibrium
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adsorption  capacity (qe) and
percentage removal calculated from
the initial and residual Pb(II)
concentrations.

The percentage Pb(Il) removal was
calculated using the formula:

0 Removal = % 100

n

Where:
Cy= Initial dye concentration
C.= Equilibrium dye concentration

2.4.3 Adsorption Kinetics:

The adsorption kinetics of Pb(II)
onto the synthesized bio-composite
were investigated wusing Pb(II)
solutions with initial concentrations
of 25, 50, 75, and 100 mg/L. For
each adsorption experiment, 100 mg
(0.1 g) of the bio-composite was
added to 100 mL (0.1 L) of Pb(II)
solution. =~ The initial  Pb(II)
concentration (Cy) was 25 mg/L for
the  representative  calculation.
Samples  were  collected  at
predetermined contact times from 0
to 60 min. At each interval, the
adsorbent was  separated by
filtration, and the residual Pb(II)
concentration in the filtrate was
determined  using  inductively
coupled plasma—atomic emission
spectroscopy (ICP-AES).The
adsorption capacity at time t (g,) was
calculated using:
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_ (_CD - (:'r )
= ————— U
T
where Cy and C, are the initial and
residual  Pb(II) concentrations

(mgL™"), respectively, ¥V is the
solution volume (L), and m is the
mass of the adsorbent (g).The
experimental kinetic data were fitted
using the pseudo-first-order and
pseudo-second-order models, which
are commonly applied to evaluate
adsorption-rate behaviour.

The Pseudo-First-Order
Model is expressed as:

Kinetic

In(ge —gqt) =Ing, — k1 t

where ge (mg g') is the equilibrium
adsorption capacity, qt (mg g') is
the adsorption capacity at time ¢,
and ki (min™) is the pseudo-first-
order rate constant.

The Pseudo-Second-Order Kinetic
Model is represented by:

t 1 t

=——+
gt  k.qZ q,

where g,= amount of dye adsorbed
at time t(mg/g), g.~= adsorption
capacity at equilibrium (mg/g), k.=
pseudo-second-order rate constant
(g mg~tmin 1)t= contact time
(min).
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The kinetic parameters were
obtained from the linear plots of the
respective  equations, and the
applicability of each model was
evaluated based on the correlation
coefficient (R?) and the agreement
between the calculated and
experimental equilibrium adsorption
capacities.

2.4.4 Antimicrobial Activity:

The antimicrobial activity of the
AC/CaCOs/PPy bio-composite was
evaluated against Staphylococcus
aureus and Escherichia coli using
the agar well-diffusion method. The
Cultures were grown in Mueller—
Hinton broth at 37 °C for 24 h,
adjusted to 0.5 McFarland turbidity,
and diluted to approximately 1 x 10¢
CFU/mL. The Standardized
suspensions were spread onto
Mueller—Hinton agar plates, and 100
uL of the bio-composite suspension
was added to two wells per plate.
After incubation at 37 °C for 24 h,
antimicrobial activity was
determined by measuring the
inhibition zones in millimetres. The
assay conditions were based on
current antimicrobial susceptibility-
testing recommendations.
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3. Results and Discussion

3.1 FTIR, SEM, and TEM
Characterization of the
AC/CaCOs/PPy Bio-composite:

FTIR analysis confirmed the
formation of the AC/CaCOs/PPy
bio-composite and incorporation of
its constituent materials. The broad
band at approximately 3252 cm™
was assigned to O-H stretching
associated with hydroxyl groups and
adsorbed moisture, while the band
near 1620 cm™ was attributed
mainly to aromatic C=C and PPy-
associated vibrations. The band at
1371 cm™, together with those at
1200 and 1062 cm™, was associated
with C-N, C-O and carbonate-
related vibrations. The bands at 823
and 706 cm' were related to
carbonate and aromatic-ring
deformation vibrations, consistent
with CaCOs-containing materials
(Jastrzgbska et al., 2022; Rezk et al.,
2022). SEM revealed a rough,
porous and heterogeneous surface
with cavities, agglomerated particles
and interconnected channels,
whereas TEM showed aggregated
quasi-spherical nanoparticles with
interparticle voids, confirming the
nanoscale  morphology  (Abdel-
Karim et al., 2021; Yan et al., 2023).
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These structural and morphological

potential of the AC/CaCOs/PPy
composite for Pb(II) adsorption.

Figure 1. FTIR -
(AC/CaCOs/PPy) Bio-composite

Fig. 2.b

Fig.2.a SEM image and Fig.2.b
TEM image of synthesized
AC/CaCOs/PPybio-composite

characteristics provide accessible
surface sites and support the

Fig. 2.a
3.2 Effect of  Adsorption
Parameters

3.2.1 Effect of pH and Contact
time on Pb(II) adsorption:

The results indicate that pH and
contact time influenced Pb(II)
adsorption capacity and removal
efficiency, reflecting the effects of
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solution chemistry and interaction
time (Al-Tohamy et al., 2022; Yan
et al, 2023). At pH6, both
parameters generally decreased with
increasing contact time. At pH 7.5,
adsorption capacity and removal
efficiency increased up to 20 min,
reaching 41.52 mg/g and 83.04%,
respectively, followed by
fluctuations. These pH-dependent
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changes may be related to surface
charge, proton competition, and
Pb(Il) speciation (Li et al., 2024;
Rezk et al., 2022). pH 8.5 showed
the most favourable and stable
performance, = with  adsorption
capacity around 40-50 mg/g and
removal efficiency mostly above
96% (Abdel-Karim et al., 2021;
Yan et al., 2023). The highest values
occurred at 50 min, with 49.91

mg/g adsorption capacity and
99.81% removal efficiency.
Contact-time effects are associated
with the availability and progressive
occupation of adsorption sites (Al-
Tohamy et al., 2022; Ahmed et al.,
2023). Overall, pH 8.5 was the
most favourable condition, while
contact time showed a pH-
dependent effect.

/
)

Adsorption capacity,
. (me/g)
EEER:

10 20

—pHé

{

Effect of contact time and pH on Pb(ll)
adsorption capacity

30

Contact time (min)

N

40 50 60 70

pHBS5

Fig. 3. Effect of pH and Contact
time on Pb(II) adsorption
capacity

3.2.2 Effect of Adsorbent Dosage
and Contact Time on Pb(II)
Adsorption:

The effects of adsorbent dosage and
contact time on Pb(II) removal were
evaluated at an initial concentration
of 50 mg/L using dosages of 80,
100, and 120 mg. At 80 mg, removal
increased to 99.68% at 20 min,
corresponding to an adsorption
capacity of 39.87 mg/g, followed by
fluctuations and a final removal of
94.59% and capacity of 37.84 mg/g
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at 60 min. At 100 mg, Pb(II)
removal remained consistently high,
reaching 99.81% at 50 min and
99.36% at 60 min, while adsorption
capacity ranged from 48.19-49.91
mg/g, with the maximum at 50 min.
At 120 mg, removal gradually
increased from 47.82% at 10 min to
72.60% at 60 min, while adsorption
capacity increased from 28.69 to
43.56 mg/g. The influence of dosage
is generally associated with the
availability of additional active
adsorption sites, whereas contact
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time affects progressive occupation
of these sites (Al-Khafaji et al,
2020; Bashir et al., 2021; Rezk et
al., 2022). Excessive
dosage may also promote particle
aggregation and reduce effective site
utilization (Li et al., 2022). Overall,

100 mg provided the highest and
most consistent Pb(Il) removal and

Pb(1) removal efficiency (%)

adsorption  capacity and was
adsorbent therefore selected as the optimum
dosage under the investigated
conditions.
Effect of Adsorbent Dose on Pb(ll) Removal
Efficiency

Fig. 4. Effect of Adsorbent Dose
on Pb(II) Removal Efficiency

3.2.3 Effect of Initial Pb(I)
Concentration on Pb(II)
Adsorption:

The effect of initial Pb(II)

concentration on the adsorption
performance of the synthesized bio-
composite was evaluated at 25, 50,
75, and 100 mg/L. At 60 min,
adsorption capacity increased from
24.15 mg/g at 25 mg/L to 40.88,
60.30, and 63.48 mg/g at 50, 75, and
100 mg/L, respectively. This
increase can be attributed to the
greater concentration gradient and

enhanced mass-transfer  driving
force at higher Pb(II)
concentrations, which  promote

transport of Pb(II) toward available
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adsorption sites (Wang et al., 2023;
Zhang et al., 2021).In contrast, the
removal efficiency decreased from
96.58% at 25 mg/L to 81.77%,
80.39%, and 63.48% at 50, 75, and
100 mg/L, respectively. The lower
percentage removal at higher
concentrations is associated with the
limited number of available binding
sites relative to the increasing Pb(II)
concentration (Al-Khafaji et al.,
2020; Khalil et al., 2023). Thus,
higher initial Pb(II) concentrations
enhanced the adsorption capacity,
but reduced the percentage removal
because the available adsorption
sites became progressively
saturated.
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3.2.4 Adsorption Kinetics:

The adsorption kinetics of Pb(II)
onto the AC/CaCOs/PPy bio-
composite were evaluated using the
pseudo-first-order  (PFO) and
pseudo-second-order (PSO) models.
The PFO model showed variable
agreement with the experimental
data, with R®> values of 0.5971-
09775, while its calculated
equilibrium  capacities  (7.226—
29.631 mg g') differed substantially
from the experimental values
(24.145-63.476 mg g'), indicating
limited applicability. Similar
differences between calculated and
experimental capacities have been
reported for Pb(II) adsorption
systems (Wang et al., 2021; Li et al.,
2022). In contrast, the PSO model

showed excellent correlation (R* =
0.9943-0.9989), with calculated q.
values (24.155-65.789 mg g)
closely matching the experimental
values, particularly at 25 and 75 mg
L™'. Comparable superiority of the
PSO model has been reported for
Pb(II) adsorption using biochar and
polymer-based adsorbents (Zhang et
al., 2021; Al-Khafaji et al., 2023).
The highest correlation in the
present study was obtained at 100
mg L' (R? = 0.9989). Overall, the
higher R? wvalues and closer
agreement between calculated and
experimental q. values demonstrate
that the PSO model provided the
more appropriate description of
Pb(II) adsorption kinetics under the
investigated conditions.
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Pseudo-first-order kinetic model for Pb(ll) adsorption
onto AC/CaCOs/PPy bio-composite

Time (min)

——25ppm ——50ppm

75ppm 100ppm

Fig. 6.a. Pseudo-First-Order

Kinetic Model

t/qq (min-g/mg)

Pseudo-second-Order kinetic model for Pb(n) adsorption onto
AC/CaCo,/PPybio-composite

Fig. 6.b. Pseudo-Second-Order

Kinetic Model

: 111-125

Table 1. Kinetic Parameters for Pb(II) Adsorption on AC/CaCQs/PPy Bio-

composite
concI::tlraaltion Experiment PFO = PFO = PSO | PSO | Best
2 2
(me/l) al@) | (@ R @ ()  model
25 24.145 7.226 | 0.5971 | 24.155  0.9955  PSO
50 40.884 | 29.631 | 0.9402 | 46.729 | 0.9943  PSO
75 60295 | 11.265 | 0.8402  62.112 | 0.998 | PSO
100 63476 | 14.073 | 0.9775 | 65.789 | 0.9989 | PSO
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3.2.5 Antimicrobial Activity

The antibacterial activity of the synthesized
AC/CaCOs/PPy bio-composite was evaluated
against Staphylococcus aureus and Escherichia
coli using the agar well diffusion method. The
composite produced inhibition zones of 14 mm
against S. aureus and 12 mm against E. coli,
demonstrating antibacterial activity against both
Gram-positive and Gram-negative bacteria. In
agar diffusion assays, the inhibition zone
represents the area of suppressed microbial
growth surrounding the test material and provides
a qualitative indication of antimicrobial activity
(Balouiri et al., 2019; Sadeghi et al., 2022).

The slightly larger inhibition zone against
S. aureus suggests greater sensitivity of this strain

under the present experimental conditions. This
difference may be related to variations in bacterial
envelope structure: Gram-positive bacteria
possess a thick peptidoglycan layer, whereas E.
coli has a thinner peptidoglycan layer together
with an additional outer membrane that acts as a
permeability barrier (Sun et al., 2022; Nikaido,
2020). The antibacterial effect may also be
associated with the polypyrrole component, as
PPy-containing materials have demonstrated
activity against both E. coli and S. aureus
(Maruthapandi et al., 2021). Overall, the observed
inhibition zones indicate that the AC/CaCOs/PPy
bio-composite possesses antibacterial potential in
addition to its Pb(II)-adsorption capability,
supporting its potential as a multifunctional
material for environmental applications.

Fig. 7.a

Fig. 7.b

Fig. 7. Agar well diffusion assay
against (a) S. aureus and (b) E.

coli.

3.2.6 Adsorption Mechanism and Overall
Findings:

Pb(Il) removal by the AC/CaCOs/PPy bio-
composite proceeds via film diffusion, surface
interaction, and intraparticle diffusion (Mostafa et
al., 2022). Pb(Il) ions migrate from bulk solution
to the adsorbent surface, where electrostatic
attraction to negatively charged functional groups
initiates uptake. Ion exchange with surface ions,
coordination with amino, hydroxyl, and other
O/N-containing groups, and surface complexation
on active sites further strengthen binding, while
diffusion into the porous interior enhances
capacity.
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Adsorption was rapid initially due to abundant
sites and a high concentration gradient, reaching
optimum performance at 30 min with only minor
fluctuations thereafter. Kinetic data fitted the
pseudo-second-order model better than the
pseudo-first-order model, indicating
chemisorption as the dominant mechanism (Li et
al., 2019; Tan & Hameed, 2022; Mostafa et al.,
2022). Overall, Pb(II) adsorption is governed by
electrostatic attraction, ion exchange,
coordination, and surface complexation involving
oxygen- and nitrogen-containing groups in the
composite.
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In addition to adsorption, the bio-composite
exhibited  notable antibacterial activity,
attributable to nitrogen-rich polypyrrole moieties,
basic calcium carbonate sites, and a positively
charged surface capable of interacting with and
disrupting bacterial cell membranes (Silva et al.,
2021; Santos et al., 2025). This dual functionality
suggests potential for simultaneous mitigation of
microbial  contamination and  heavy-metal
removal in wastewater treatment. The results
confirm the AC/CaCOs/PPy bio-composite as a
promising, low-cost adsorbent for Pb(II) removal
from aqueous solutions  with  practical
applicability in wastewater treatment.

4. Conclusion

The synthesized rice-husk activated carbon—
CaCOs—polypyrrole (AC/CaCOs/PPy)  bio-
composite showed promising Pb(II) removal from
aqueous solution. Adsorption capacity increased
with initial Pb(II) concentration, reaching 24.15,
40.88, 60.30, and 63.48 mg/g at 25, 50, 75, and
100 mg/L, respectively, while removal efficiency
decreased from 96.58% to 63.48%. The optimum
dosage was 100 mg, achieving 99.36% removal at
60 min. Kinetic data fitted the pseudo-second-
order model better than the pseudo-first-order
model, indicating chemisorption dominance.
Overall, the AC/CaCOs/PPy bio-composite
represents a promising waste-derived adsorbent
for Pb(Il)-contaminated water, with inherent
antibacterial ~ activity  that  confers  dual
functionality for the simultaneous mitigation of
heavy-metal and microbial contamination in
wastewater treatment applications.
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