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1. Introduction

The need for effective water treatment has become increasingly
critical as industrial activity generates substantial amounts of organic
and inorganic waste! if left untreated, these wastes can lead to
serious environmental and public health hazards. Among the most
pressing environmental concerns is water pollution caused by toxic
heavy metals, such as lead?, cadmium3, Chromium? and mercury>®.
These contaminants primarily enter water sources through industrial
activities, including mining®, smelting?, battery manufacturing?, and
wastewater discharge®. Once released, heavy metals persist in the
environment and bioaccumulate through food chains, posing severe
risks to both human and ecological health?®,

Among these pollutants, Pb(ll) is of particular concern due to its
neurotoxicity, renal disorders, and developmental issues in
children®l. Its persistence in aquatic ecosystems and high toxicity
highlight the urgent need for efficient and sustainable Pb(Il) removal
technologies to safeguard public health and environmental

integrity2.
Traditional Pb(ll) removal techniques, such as chemical
precipitation’3, ion exchange!¥, membrane filtration'®>, and

electrochemical treatments'®, have shown varying degrees of
success. Yet, adsorption remains the most efficient, cost-effective,
and simple method for removing lead ions from aqueous media'’. As
a result, recent research has focused on developing advanced
adsorbent materials capable of selectively binding Pb(ll) ions!® 19,
Table 1 compares the lead removal efficiencies of various adsorbents
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Jasmine Jose ?, Binish CJ 2, Jobish Johns ®, Aniz CU ¢, Sony J
Chundattu 9, and Vijayasankar A V *2

Heavy metal contamination in water systems creates critical environmental
and health challenges, necessitating sustainable remediation technologies.
This study presents a unique approach utilising arecanut organic residue, an
abundant agricultural waste, for the removal of lead from water. A
bioadsorbent composite film was synthesised using Chitosan-polyvinyl
alcohol (PVA) incorporated with arecanut organic residue by solvent casting.
The physicochemical properties of the films were characterised using XRD,
FTIR, optical profilometry, BET surface area and SEM analyses. The adsorption
efficiency of the synthesised films was tested in the removal of Pb(ll) from
water. The bioadsorbent films demonstrated Pb(ll) removal efficiency of
94.6% from 5 ppm solutions at pH 6 within 60 minutes at 70°C using 0.5 g of
the film. The optimisation studies revealed the critical role of functional group
availability and film porosity of polymer blends, along with experimental
conditions which enhanced the adsorption capacity. The kinetic studies also
confirmed the results obtained from optimisation studies. Adsorption
kinetics followed the pseudo-second-order model, and isotherm analysis
confirmed Langmuir adsorption. The sustainable bioadsorbent exhibited
good reusability, maintaining performance over multiple cycles.

reported in the literature. Various materials, including starch?,
chitosan?!, zeolites??, metal-organic frameworks??, magnetic
materials?4, carbon-based substances?®, weathered coal?, and
pottery granules?’ have been applied as adsorbents for the removal
of lead. Polymers and polymer blends are reported as highly effective
biocompatibility and nontoxic, cost-effective adsorbents for Pb (I1)
adsorption?® 2%, Polymer blends incorporating plant-based
components such as carboxycellulose nanofibers3®, and Tacca
leontopetaloides biopolymer flocculants3! enhance lead chelation
while offering antioxidant benefits.

Polymer and polymer blends have notable advantages as adsorbents
for lead removal from water, but they also face significant limitations
related to their physical properties3? adsorption capacity, post-use
separation, which hinders their regeneration and operational
efficiency33.

Many unmodified polymers also exhibit low adsorption capacity and
selectivity, necessitating further chemical modification or blending,
yet even these modifications of polymers often fail to maintain
performance during repeated use. The effectiveness of polymer
adsorbents is further limited by their sensitivity to process
conditions, such as pH, temperature, and pollutant concentration
and dosage, which reduces their reliability in water treatment
applications3*. Additional challenges include solubility and instability
in aqueous media, which complicate separation and increase the risk
of secondary contamination3>. Complex synthesis procedures, high
production costs, and limited scalability hinder large-scale
implementation.
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These challenges highlight the need for modification in the selection
of raw materials, synthesis methods, physical stability, regeneration,
and economic feasibility of advanced polymer-based bioadsorbents
for large-scale sustainable water purification solutions3® 37,

This study presents a bioadsorbent that effectively circumvents the
limitations of traditional polymer and polymer blend-based
adsorbents for Pb(ll) removal in aqueous environments. A PVA-
chitosan composite film incorporated with arecanut organic residue
(AOR) was synthesised and deployed as an adsorbent for the removal
of Pb(ll) from water. The synthesised material exhibited enhanced
adsorption capacity, coupled with stability and reusability. The
sustainable and cost-effective raw materials extracted from
agricultural waste, the facile synthesis protocol, and the potential for
scalable manufacturing make the method and composite film a
highly promising, environmentally friendly solution for lead removal.
The present investigation is unique due to the development of a
highly efficient adsorbent that outperforms several reported
materials in Pb(ll) removal, underscoring its practical significance for
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composite temperature
9 PVA/MWCN | pH 7, Adsorbent | 86%
Ts dose0.5g,
Initial Pb(I1)
concentration 46
65mgL™,
Contact time
300 min, room
temperature
10 | chitosan/po | pH=5.0 83.5%
lyester
crosslinking 47
spheres

2. Materials and methods

advanced wastewater treatment.

Table 1. Lead(ll) removal efficiencies of bioadsorbents and
polymer-based adsorbents reported in the literature
S| | Adsorbent Experimental Maximum | Reference
N used conditions removal
o capacity
for Pb(ll)
1 Banana initial 88.94%,
peels concentration
100 mg/L, pH 5, 38
adsorbent
dosage 1g
2 Bagasse pH 5, contact 75.376%
biochar time 140 min.,
adsorbent 39
dosage 5 g,
room
temperature
3 Rice husk pH 3.0 80%
ash 40
4 Mustard pH5.5,50¢g 94.56%
waste biosorbent/L,
biomass contact time 41
2hrs, high
temperature
5 Orange peel | Adsorbent 90%
dosage 1g,
initial 42
concentration
10 mg/L
6 Cucumber pH 5.0, initial 93.5
peel Pb(Il)
concentration 43
25 mg/l,
temperature
25°C
7 Azadirachta | Adsorbent dose | 93.5%
indica leave | 0.60 g, contact
time 40 min, pH “
7
8 PVA/a- neutral to 88.7%
manganese | slightly acidic, 45

2 | Polym. Chem., 2025, 00, 1-3

Analytical grade PVA with a molecular weight of 22,000 was sourced
from Merck. The medium molecular weight chitosan (190,000-
310,000 Da), which has a 75% to 85% deacetylation degree, was
acquired from Merck, India. The organic residue extract from
arecanut (AOR) was collected from an arecanut industry located in
Mangalore, India. Lead nitrate with 99% purity was obtained from
Merck, India. The chemicals used for colorimetric studies: 1,5-
diphenylthiocarbazone (dithizone, analytical grade), 2-propanol
(HPLC grade), hydrochloric acid (37% - reagent grade), and
cetyltrimethylammonium bromide (CTAB), analytical grade, were
obtained from Merck.

The physicochemical properties of the synthesised AOR-PVA-CH
blends were examined using various methods. BET surface area
measurements were performed using Quantachrome Instruments
(version 1.24). X-ray diffraction analysis was performed on a Rigaku
Miniflex 600 X-ray diffractometer. FTIR analysis was carried out with
a Bruker Alpha Il FTIR spectrometer. Optical profilometry of the
blends was performed using Zeta 20 from KLA Tenco optical
profilometer. Scanning electron microscopy images were captured
using an Apreo 2S instrument. The concentration of Pb(ll) adsorbed
was determined using a Vernier Pro colourimeter.

2.1. Synthesis of AOR-PVA-CH Blend

A homogeneous solution of organic residue from arecanut(AOR) was
extracted by boiling mature arecanuts in distilled water for 30
minutes. The boiled mixture was filtered, and the dense residual
liquid was collected as Arecanut organic extract. 1 g of polyvinyl
alcohol (PVA) was added to 50 mL of water, and the mixture was
stirred at 80°C using a magnetic stirrer for 15 minutes until fully
dissolved. A series of chitosan solutions in acetic acid was prepared
by varying the amount from 0.3-0.4 g of chitosan. Chitosan was
dissolved in acetic acid (1%)-water mixture (50 mL) and stirred at
80°C for 15 minutes until it formed a smooth, uniform solution. After
mixing the homogeneous PVA solution with 1 mL of AOR solution,
the chitosan solution was added. The resulting blend was stirred
continuously at 60°C using a magnetic stirrer and sonicated for 3
hours to ensure complete homogeneity. The final blend was cast into
films using the solution casting technique and then dried for 1.5 days
at 60°C in a hot air oven. The uniformity in thickness is ensured by
pouring 45 mL of solution into the petri dish, which was found to be
0.2 mm. The BET surface area and porosity of the synthesised
samples were analysed and given in Table 2. The surface area of the
samples increases with the increase in the amount of chitosan till

This journal is © The Royal Society of Chemistry 2025
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0.35 g, which is considered the optimum amount. Further increase in
the amount of chitosan in the blend leads to a decrease in surface
area and pore volume.

Table 2. Composition and porous properties of pure PVA, pure
chitosan and AOR-PVA-CH blend

Film Amount BET BJH pore BJH pore
of Surface volume radius
chitosan Area (cc/g) (nm)

(g) (m?/g)

AOR-C1 | 0.3 38 0.0430989 1.68349

AOR-C2 | 0.325 42 0.0252634 1.8902

AOR-C3 | 0.35 57 0.0180516 1.68374

AOR-C4 | 0.375 44 0.0133212 1.88242

AOR-C5 | 0.4 39 0.0138049 2.40121

PVA - 30.61

CH 0.35 29.84

* The amount of AOR and PVA was kept constant.

2.2. Adsorption studies

The adsorption efficiency of the synthesised polymer blend films was
tested by submerging 0.1g of film for 30 minutes in 10 ml of 1 ppm
Pb(Il) solution. The concentration of Pb(ll) was determined using 1,5-
diphenylthiocarbazone (dithizone) and Cetyltrimethylammonium
bromide (CTAB), which acts as a surfactant. The submerged film was
tested for the concentration of Pb(ll) adsorbed by the film using a
Vernier Pro colourimeter, operating at 520 nm.
At 1 ppm Pb(ll) standard solution was combined with 1.5 mL of
0.000195 M dithizone solution, 1.0 mL of 0.004 M HCI, and 4.0 mL of
0.3 M CTAB, followed by the addition of 1.0 mL of the sample solution
in @ 10 mL calibrated volumetric flask. The resulting mixture was
diluted to the mark with deionised water, thoroughly homogenised,
and allowed to stand for equilibration prior to measurement.
The AOR-PVA-CH blend films, prepared with varying weight ratios,
were used as adsorbents to remove Pb(Il) and the removal efficiency
of Pb(ll) ions was calculated using the equation below?*s.

(Ci - Ce)

Removal ef ficiency = C—x 100
i

The initial concentration of Pb(ll) is represented by Ci, while Ce
denotes the equilibrium concentration.

The removal efficiency of AOR-PVA-CH blends at various molar ratios
is given in Table 3. Among the tested samples, the AOR-C3 film
demonstrated the highest removal efficiency for Pb(ll).
Consequently, the AOR-C3 film was deployed as an adsorbent for
further optimisation studies, including adsorbent dosage, contact
time, initial concentration, pH and temperature during adsorption.
All experiments were repeated to ensure reproducibility and
statistical reliability of the results.

Table 3. Removal efficiency of the pure PVA, pure chitosan and AOR-
PVA-CH blend

Film Removal efficiency of film (%)
AOR-C1 42.12

AOR-C2 46.54

AOR-C3 52.4

AOR-C4 44.52

AOR-C5 40.21
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PVA
CH 26.24

32.26

The amount of film used is 0.1g, duration - 30 minutes, concentration
of Pb(ll) solution- 1 ppm.

3. Results and discussion
3.1. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed to investigate the
structural properties of the synthesised polymer blend films, as
illustrated in Figure 1. Pure chitosan exhibited two strong
characteristic peaks at 26 = 11° (110 plane), attributed to its
acetylated amine group (N-CO-CHs3) in chitosan and denotes
intermolecular spacing between polymer chains*® and at 20.48° (020
plane) corresponding to its free amine group NH,%C,

Pure PVA displayed distinct peaks at 26 = 19.2°, correspond to the
(101) crystalline plane! and peak at 41.2° corresponding to the 220
plane®2,

1 2048

Chitosan

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 theta (degree)
(a)
| 4L6
19 | AOR-C5
19.6 41.6
- AOR-C4
=
L
= 19.6
z 41.6
z AOR-C3
o
=
£
41.6
126 AOR-C2
19.6
41.6 AOR-C1
T T T T T T T T
10 20 30 40 50 60 70 80 90
2 theta (degree)

Figure 1. (a) XRD pattern of pure PVA and pure chitosan, (b) XRD
pattern of AOR-PVA-CH blend.

In the polymer blend films, the characteristic peaks are observed at
20 = 19.6°, while the peak at 26 = 11° disappeared, which is
attributed to hydrogen bonding interactions between the amine
group of chitosan and AOR with the hydroxyl groups of PVA>3,

This journal is © The Royal Society of Chemistry 2025 Polym. Chem., 2025, 00, 1-3 | 3
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The XRD pattern of AOR-C3 before and after lead adsorption, as
depicted in Figure 2, illustrates significant structural changes in the
material. A new peak observed around 20 = 30° is attributed to the
formation of lead compounds such as lead hydroxide, confirming the
successful adsorption of lead ions>* 3>, The peak at 20 = 19.6° shifts
to 20 = 19.44° with increased intensity. The peak shifts and peak
broadening highlight the adsorption of lead ions over the surface of
the polymer blend.

19.44

30 4028 AOR-C3 after lead adsorption

41.6

Intensity (a.u.)

19.6

AOR-C3 before lead adsorption

2 theta (degree)

Figure 2. XRD pattern of AOR-C3 film before and after adsorption.
3.2. FTIR studies

The FTIR spectra of pure polyvinyl Alcohol (PVA), pure chitosan and
AOR-PVA-CH composite blend reveal characteristic functional group
vibrations, providing insights into the interactions and composition
of the materials, as shown in Figure 3. The pure PVA spectrum shows
a prominent hydroxyl (OH) stretching vibration at 3275 cm™ due to
intra-molecular hydrogen bonding between polymer chains®6. The
2928 cm™ band corresponds to the C-H stretching vibration of the
alkyl groups in the polymer backbone, while the 1419 cm™ and 1327
cm bands are associated with C-H bending®’. The C-O stretching
vibration of the alcohol group is observed at 1093 cm?, further
confirming the structure of the polymer®8. The band observed at 916
cm! corresponds to CH, rocking vibrations®?, while the band at 832
cmis attributed to C—C stretching of PVA>7, 60,

127 1646

Transmittance (%)

1093

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

Wavenumber (cm™)

(a)
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Figure 3. (a) ATR-FTIR of pure PVA and pure chitosan, (b) ATR-FTIR of
AOR-PVA-CH blends

In the case of pure chitosan, the broad band between 3200-3300 cm-
1 is attributed to the combined OH and NH stretching, which is
indicative of the amine and hydroxyl groups present in the
structure®®, The 1646 cm™ band represents the amide C=0 stretching
vibration, while the 1545 cm™! band corresponds to the N-H bending,
further confirming the amide functionality in chitosan®2. The C-O
stretching vibrations are visible at 1063 cm™ and 1022 cm-1, and the
band at 891 cm? is attributed to the C-H bending of the
monosaccharide ring in the chitosan structure®?. 62,

The FTIR spectrum of the synthesised AOR-PVA-CH blend shows
characteristic bands corresponding to the functional groups of its
components, confirming successful blending. A broad band at 3290
cm™ corresponds to -OH and -NH stretching vibrations, with a
shoulder at 3660 cm™ is due to the new hydrogen bonding between
the hydroxyl groups and amino groups of PVA Chitosan and arecanut.
The shifts in intensities and position of FTIR peaks of the individual
pure components indicate the formation of a homogeneous blend
without chemical modification of the individual components®3.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma01239b

Page 50f 13

Open Access Article. Published on 06 January 2026. Downloaded on 1/11/2026 9:40:49 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

&

Fi
AOR-C3 (Before |f!|'|'%
920 Jead adsorption)

3290

1610
AOR-C3 (After 1558

lead adsorption)
3290 29290 1410

Transmittance (%)

2920

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

Wavenumber (cm™)

Figure 4. ATR-FTIR of AOR-C3 film before and after adsorption.

The FTIR analysis of AOR-C3 before and after lead adsorption is
depicted in Figure 4. A new shoulder peak appears at 2849 cm™ after
adsorption, which may correspond to CH, stretching vibrations
affected by lead ion binding®4. The C-0 stretching band at 1070 cm!
shifts to 1041 cm-1, and the -NH bending band at 1560 cm™! shifts to
1558 cm! due to coordination of Pb*? to oxygen and nitrogen sites®.
The band at 919 cm! disappears after adsorption, indicating that the
CH; rocking vibration is altered or suppressed upon interaction with
lead. The observed changes in the FTIR bands indicate that lead
adsorption primarily involves interactions with the hydroxyl, amine,
and carboxyl groups in the AOR-C3 structure.

3.3. Optical profilometry

In our study, we analysed the surface roughness of five different
samples using key roughness parameters, namely average roughness
(Ra), maximum peak height (Rp), maximum valley depth (Ry), and
kurtosis (Rky), as tabulated in Table 4. AOR-C1 exhibited high Rp
(60.65 nm) and Rv (75.63 nm) values, indicating the presence of non-
uniform peaks and valleys on its surface. AOR-C3, with the highest Ra
(15.92 nm), Rp (320.9 nm), Rv (148.59 nm), and an exceptionally high
Rku (25.93), showed significant surface irregularities and sharp
features, suggesting a highly textured and rough surface, as evident
from Figure 5. Comparatively, AOR-C2, AOR-C4, and AOR-C5
exhibited more moderate surface roughness parameters, indicating
smoother and more uniform surfaces. This suggests that AOR-C3,
with its rougher and more varied surface, may possess superior
adsorption properties®®, making it more effective for applications
requiring high surface interaction.

Table 4. Result of Optical Profilometry of synthesised AOR-PVA-CH
blends and AOR-C3 after lead adsorption

Samples Ra value Rp value Ry value Rku value
AOR-C1 11.05 60.65 75.63 3.660
AOR-C2 6.806 74.78 28.44 8.807
AOR-C3 15.92 320.90 148.59 25.93
AOR-C4 10.28 71.32 99.32 4.053
AOR-C5 7.000 66.35 61.25 5.454
AOR-C3 1.498 14.39 27.73 23.28
(After lead

adsorption)
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After adsorption, the synthesised films ®eshibiteasodDSignificart
reduction in surface roughness, which indicates the adsorption of Pb
() over the surface of the adsorbent. This reduction was further
validated by the disappearance of specific peaks in the XRD and FTIR
spectra before and after adsorption.

@&’ (L

Figure 5. Surface roughness of AOR-C3 film (a) before lead
adsorption, (b) after lead adsorption

3.4. SEM

Scanning Electron Microscopy (SEM) was employed to investigate
the surface morphology and structural features of the blends. As
shown in Figure 6, the film surface before adsorption displays a
relatively uniform and interconnected morphology, indicating good
dispersion of the arecanut organic residue (AOR) within the polymer
matrix and strong compatibility between the blend components.
SEM images before and after lead adsorption, with different
magnifications, reveal distinct morphological structures. After Pb(ll)
adsorption, the SEM images reveal a mixture of dark and bright
regions across the film surface, along with a smoother morphology,
confirming the successful adsorption of Pb(ll) onto the film surface®.

(b)
Figure 6. SEM Images AOR-C3 film (a) before lead adsorption and (b)

after lead adsorption, captured at different magnifications: 1 um, 5
pm and 10 pm

3.5. Optimisation Studies

The optimisation experiments were conducted using 10 mL of Pb(ll)
solution, varying conditions to understand their influence on
adsorption. The parameters studied included adsorbent dosage (0.1
to 0.7 g), contact time (15 to 90 minutes), initial Pb(ll) concentration
(0.5 ppm to 30 ppm), pH of the Pb(ll) solution (2 to 9) and
temperature (30°C to 90°C).

3.5.1. Effect of Adsorbent Dosage

The adsorbent dosage was varied from 0.1 to 0.7 g to assess its
impact on Pb(Il) removal. The experiments were conducted at 40°C

This journal is © The Royal Society of Chemistry 2025 Polym. Chem., 2025, 00, 1-3 | 5
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for 30 minutes with an initial Pb(ll) concentration of 1 ppm. As
illustrated in Figure 7, the removal efficiency increased with
adsorbent dosage due to the greater availability of surface area and
active sites®’. Furthermore, the increased surface area reduces
diffusional resistance and shortens the path length that lead ions
must traverse to reach unoccupied sites, thereby accelerating the
adsorption kinetics. The optimal dosage was determined to be 0.5 g,
where maximum removal efficiency was achieved. Once all Pb(ll)
ions have been adsorbed, the addition of excess adsorbent merely
increases the proportion of unutilized active sites without
contributing to enhanced removal. This results in a decrease in
adsorption capacity with increasing dosage beyond the optimum,
even though the percentage removal may remain constant. The
reduction occurs because the same amount of adsorbate is
distributed among a greater mass of adsorbent, leading to
underutilization of the available binding sites. The optimal adsorbent
dosage of 0.5 g for AOR-C3 film in Pb(ll) removal from 1 ppm
solutions represents the critical point where maximum removal
efficiency is achieved through complete utilisation of available
adsorbate while maintaining effective dispersion of active sites.
Beyond this dosage, no significant improvement was observed, as
the adsorption sites became saturated. Thus, 0.5 g of AOR-C3 film
was considered the ideal dosage for further studies.

Removal efficiency (%)
2 o
L L

T T T T T T T
0.1 0.2 0.3 04 0.5 0.6 0.7

Adsorbent dose (g)

Figure 7. Effect of adsorbent dose in Pb(ll) removal by AOR-C3 film.
3.5.2. Effect of Contact Time

The effect of contact time on Pb(ll) adsorption was evaluated by
varying the time from 15 to 90 minutes at 40°C. Using 0.5 g of AOR-
C3 film and 1 ppm Pb(ll) solution, the adsorption rate was initially
rapid due to the abundant availability of active sites.

As adsorption progressed, the high-affinity sites were gradually
occupied, leaving behind sterically hindered or lower-energy sites
that were less favourable for binding. Electrostatic repulsion
between the adsorbed Pb(ll) ions on the film surface and those
remaining in solution further reduced the adsorption rate®, and the
equilibrium was reached after approximately 60 minutes, as shown
in Figure 8, representing the dynamic state where the rate of
adsorption equals the rate of desorption. At this point, no net change
in Pb(ll) concentration occurs in either the solution or on the
adsorbent surface.

6 | Polym. Chem., 2025, 00, 1-3
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Figure 8. Effect of contact time in Pb(ll) removal by AOR-C3 film.

Film diffusion dominates during the initial rapid adsorption phase,
while intraparticle diffusion becomes increasingly important as
external sites become saturated. The results observed on contact
time-dependent behaviour suggest that the adsorption process
follows pseudo-second-order kinetics, which is characteristic of
chemisorption mechanisms involving valence forces through
electron sharing or transfer between Pb(ll) ions and the functional
groups on the adsorbent surface. This kinetic model assumes that the
rate-limiting step involves chemical interaction between the metal
ions and the adsorbent, rather than simple physical adsorption.

A contact time of 60 minutes was found to be optimal for further
studies. The relatively short equilibrium time (60 minutes) compared
to many conventional adsorbents®® demonstrates the high efficiency
of the PVA-chitosan-AOR composite film and suggests favourable
mass transfer characteristics suitable for lead removal applications.

3.5.3. Effect of Initial Pb(ll) lon Concentration

The influence of initial Pb(ll) concentration on adsorption was
studied by varying the concentration from 0.5 ppm to 30 ppm. Under
optimal conditions of 0.5 g of AOR-C3 film, 60 minutes contact time,
and 40°C, the results (Figure 9) indicated that removal efficiency was
highest at lower concentrations, which can be attributed to a
favourable surface area-to-ion ratio, meaning that more active sites
were available per Pb(ll) ion. At higher concentrations, the active
sites on the adsorbent become saturated”® forcing excess Pb(ll) ions
to compete for the remaining lower-affinity or sterically hindered
sites, which leads to a decline in removal efficiency. The removal
efficiency is highest at low concentrations and decreases as
concentration increases is consistent with a Langmuir-type
adsorption mechanism involving monolayer coverage of a finite
number of homogeneous or heterogeneous binding sites.

This journal is © The Royal Society of Chemistry 2025
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Pb(ll) removal.

The favourable adsorption at low concentrations, as reflected by the
high removal efficiency at 5 ppm, suggests that the adsorbent-
adsorbate interaction is thermodynamically favourable and that the
binding process is largely irreversible under the experimental
conditions. Maximum removal efficiency (92.38%) was observed at
an initial concentration of 5 ppm, making it the ideal concentration
for further investigations. This concentration-dependent behaviour
provides valuable mechanistic insights and establishes 5 ppm as the
ideal concentration for subsequent investigations aimed at further
characterising the adsorption kinetics, thermodynamics, and
regeneration potential of the AOR-C3 film adsorbent for lead ion
removal applications.

3.5.4. Effect of pH

The effect of pH on Pb(Il) adsorption was assessed by adjusting the
pH from 2 to 9, maintaining 0.5 g of AOR-C3 film, a 5 ppm Pb(ll)
solution, and 60 minutes of contact time at 40°C. Results given in
Figure 10 showed a significant pH-dependent behaviour of the AOR-
C3 film with maximum removal efficiency at pH 6, reduced efficiency
at acidic pH values, a slight increase at pH 8, and subsequent decline
beyond pH 8.

The highest removal efficiency was obtained at pH 6. At lower pH
values, excess hydrogen ions competed with Pb(ll) ions for
adsorption sites, reducing efficiency’. Under acidic conditions, a
high concentration of protons can easily protonate the functional
groups on the adsorbent, particularly hydroxyl (-OH), and amino (-
NH,) groups. This extensive protonation results in a positive surface
charge on the adsorbent film, creating strong electrostatic repulsion
between the positively charged surface and the Pb(ll) cations in
solution. Beyond electrostatic repulsion, hydrogen ions physically
occupy the binding sites that would otherwise be available for Pb(Il)
coordination.

At pH 8 there is a slight increase from the neutral pH as there is an
electrostatic attraction for positive lead ions and there is less chance
for lead hydroxide formation. Beyond pH 8, the formation of lead
hydroxide precipitates caused a decline in removal efficiency. pH
adjustments were made using phosphate buffer solution, and the pH
was monitored using a pH meter.
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3.5.5. Effect of Temperature

According to our previous TGA studies®, arecanut organic residue—
based films exhibit enhanced thermal stability, as evidenced by a
delayed onset of degradation and higher decomposition
temperatures compared to pure PVA and PVA-CH films. This
improvement indicates increased resistance to thermal
decomposition, attributed to strong interfacial interactions within
the polymer matrix. The role of temperature in Pb(ll) adsorption was
investigated by adjusting the temperature from 30°C to 90°C, while
maintaining optimal conditions of 0.5 g of AOR-C3 film, pH 6, and 5
ppm Pb(ll) solution for 60 minutes. As shown in Figure 11, the
removal efficiency increased with temperature up to 70°C, attributed
to enhanced molecular motion and interaction at higher
temperatures. At elevated temperatures, the formation of
coordinate bonds between Pb(ll) ions and the electron-donating
groups (nitrogen and oxygen atoms) on the polymer blend becomes
more favourable. The positive enthalpy change (AH° > 0) calculated
from thermodynamic analysis confirms the endothermic nature of
the adsorption process in this temperature range’? 7374, However, at
temperature above 70°C, a significant decline in adsorption
efficiency was observed, which can be attributed to the increase in
thermal energy becomes sufficient to overcome the binding energy
between Pb(ll) ions and the adsorbent surface which leads to the
desorption of previously adsorbed Pb(ll) ions back into the solution,
where the desorption rate will be more than the adsorption rate.
Based on these results, 70°C was identified as the optimal
temperature for the Pb(ll) adsorption process using PVA-chitosan-
arecanut extract composite films. The temperature-dependent
behaviour demonstrates the correlation of endothermic adsorption
and exothermic desorption processes, emphasizing the critical
importance of temperature optimisation for effective lead removal
from water.

This journal is © The Royal Society of Chemistry 2025 Polym. Chem., 2025, 00, 1-3 | 7
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3.6. Kinetic Studies

Kinetic studies of lead adsorption onto the AOR-PVA-CH blend
provide critical insights into the mechanism and efficiency of the
adsorption process. The kinetic data were investigated using various
models, including pseudo-first-order and pseudo-second-order and
are given in Figure 12, to determine the rate-limiting step and the
adsorption capacity of the film. Figure 12a presents the pseudo-first-
order kinetic plot, which exhibits a weaker linear correlation (R? =
0.8955), suggesting that the pseudo-first-order model does not
adequately describe the adsorption kinetics of Pb(ll) onto the film.
All of the kinetic parameter values are listed in Table 5. According to
the findings, the adsorption process adhered to a pseudo-second-
order kinetic model(R? = 0.9987). Chemisorption is suggested as the
dominant mechanism in the adsorption of Pb(ll) onto the film, where
the metal ions form strong chemical bonds with active sites on the
surface of the material. The rate-determining step in this adsorption
process is influenced by the film concentration, which determines
the available active sites, and the concentration of Pb(Il), which
governs the driving force for the interaction of metal ions and the
adsorbent surface. The results of the effect of contact time also
confirmed that the adsorption process follows pseudo-second-order
kinetics and chemisorption mechanisms, rather than physical
adsorption. due to the functional groups on the adsorbent surface.
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T T T T T T

15 30 45 60 75 90
Time (min)

(a)
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Figure 12. (a) Pseudo-first-order kinetics for Pb(ll) adsorption onto
AOR-PVA-CH composite blends, (b) Pseudo-second-order kinetics for
Pb(Il) adsorption onto AOR-PVA-CH composite blends.

Table 5. Kinetic Parameters for the Pseudo-First-Order and Pseudo-
Second-Order Reactions
Order of the reaction
Pseudo-first-order

Kinetic Parameters and values
k1 (min')= 0.1020

ge (mg/g) =0.02429

R? = 0.8955

k2 (g mgl min'l) = 26.64

ge (mg/ g) = 0.003350

R? =0.9987

Pseudo-second-order

To elucidate the surface characteristics and the binding mechanism
of the AOR-PVA-CH blend, three adsorption isotherm models-
Freundlich, Langmuir and Temkin were evaluated and are shown in
Figure 13. Values of all the parameters are included in Table 6.
Among these, the Langmuir model demonstrated the highest
correlation to the experimental data (R? = 0.9988), surpassing the
Freundlich (R? = 0.9882) and Temkin (R? = 0.8405) models. This
proves that the adsorbent exhibits monolayer adsorption with a
homogeneous surface, where all active sites are identical and
energetically equivalent. The optimisation results for the initial lead
concentration given in Figure 9 further confirmed the Langmuir-type
adsorption mechanism, as the removal efficiency was highest at
lower lead concentrations and gradually decreased with increasing
concentration.

Log Ce

(a)

This journal is © The Royal Society of Chemistry 2025
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Figure 13. (a) Freundlich isothermillustrating the adsorption of Pb(ll)
onto AOR-PVA-CH composite blends, (b) Langmuir isotherm
illustrating the adsorption of Pb(ll) onto AOR-PVA-CH composite
blends, and (c) Temkin isotherm illustrating the adsorption of Pb(ll)
onto AOR-PVA-CH composite blends.

Table 6. Adsorption isotherm parameters for the adsorption of
Pb(Il) on AOR-PVA-CH blends
Type of adsorption isotherm

Parameters and values
Kf =0.1444
1/n =0.9057
R2 = 0.9882
gmax(mg/g) = 66.66
KL =0.002488
RL=0.9877
R2 =0.9988

Freundlich

Langmuir

Kr (Lmg?)=10.34
Br (J mol) = 0.0810
R2=0.8405

Temkin

3.7. Reusability and Regeneration of the Adsorbent

The potential for reusability and regeneration of the AOR-PVA-CH
composite as an effective adsorbent for lead ions was thoroughly
examined. After each adsorption cycle, the blend was subjected to a
desorption process using 0.01 M HCl solution for 5 minutes, followed
by thorough washing and drying. The film exhibited efficient
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regeneration potential, retaining significant adsorptioBcrapacity over
three cycles, as shown in Figure 14. This highlights the potential of
the AOR-PVA-CH blend as a cost-effective, eco-friendly adsorbent for
long-term Pb(ll) removal applications.

g

g 1004 946 94.2 93.9

= 87.4

8, 82.8

g 75

<

e

]

-

29

£ 501

9

ES

)

=

g 2

g 254

2

=

A 0 T T T T T
1 2 3 4 5

Number of cycles

Figure 14. Reusability of AOR-C3 film

3.8. Proposed Mechanism of Lead Adsorption

The adsorption of lead ions (Pb?*) onto an organic residue from
arecanut-incorporated PVA-chitosan blend involves a synergistic
proposed mechanism (Figure 15) combining complexation and
electrostatic attraction’> 76, The lead ions in the aqueous solution
interact with active functional groups present on the film surface,
such as hydroxyl groups from PVA, amino groups from chitosan, and
hydroxyl, ester, amine, and carboxyl groups from AOR. These groups
form stable chelation complexes with lead ions, enhancing
adsorption efficiency. The negatively charged groups present in the
film attract the positively charged lead ions via electrostatic
interactions.

M "
— ot oY

J\jl )

HO " o Ho

%%%
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o
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Figure 15. Proposed mechanism of Pb(Il) adsorption by AOR-PVA-CH
blends

Conclusions

The research highlights the effective incorporation of waste organic
residue from arecanut(AOR) into PVA-CH films, presenting an
environmentally sustainable approach for eliminating harmful Pb(Il)
ions from aqueous solutions. Characterization revealed the semi-
crystalline and cross-linked structure of the polymer blend, with
enhanced surface properties like the presence of active functional
groups, increased roughness and surface area due to AOR

This journal is © The Royal Society of Chemistry 2025 Polym. Chem., 2025, 00, 1-3 | 9
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incorporation, significantly improving adsorption capacity. Changes
in the XRD patterns and FTIR spectra recorded before and after
adsorption clearly confirm the successful interaction of Pb(ll) ions
with the adsorbent surface. The results of optimisation studies
revealed that AOR-C3 sample exhibited the highest performance,
achieving a removal efficiency of 94.6% for 5 ppm Pb(ll) under
optimal conditions of 0.5 g adsorbent dosage, 60 minutes contact
time, 70°C, and pH 6. Kinetic analysis aligned with a pseudo-second-
order model, and isotherm studies confirmed monolayer adsorption
on a homogeneous surface described by the Langmuir model.
Reusability tests showed consistent efficiency over three cycles. This
study underscores the importance of utilising agricultural residues to
develop cost-effective, sustainable, and efficient adsorbents,
offering a practical solution to mitigate environmental pollution
while valorizing waste materials.
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