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Synthesis of polyaniline-encapsulated silver
nanocomposites to improve removal efficacy of
anti-alzheimer drug from aqueous solution and

evaluation of their antioxidant properties+
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This study presents the synthesis of polyaniline-coated silver (PANI-Ag) nanocomposites via in situ oxidative

polymerization and their application in the removal of piracetam, an anti-Alzheimer drug, from aqueous
solutions. The nanocomposites were characterized using XRD, FTIR, SEM-EDX, DLS, UV-Vis, and HRTEM.
Adsorption experiments optimized key parameters, including pH (7), drug concentration (800 ppm),

contact time (180 min), and temperature (65 °C), achieving a 99% removal efficacy. Kinetic and isotherm

studies confirmed a Langmuir monolayer adsorption model with pseudo-second-order kinetics,
indicating chemisorption. Additionally, the antioxidant activity of PANI-Ag nanocomposites was evaluated
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using DPPH (56.42%) and ABTS (76.43%) assays, demonstrating superior free radical scavenging

compared to PANI alone. These findings highlight the dual potential of PANI-Ag nanocomposites as
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efficient drug removal agents and antioxidant materials, offering promising applications in environmental
remediation and biomedical fields.

Pharmaceutical residues such as piracetam, a commonly used anti-Alzheimer drug, are emerging contaminants increasingly detected in aquatic environments
due to their incomplete removal by conventional treatment systems. This study introduces a green and scalable route for synthesizing polyaniline-encapsulated

silver nanocomposites (PANI-Ag NCs) using garlic extract, which serves as both a reducing and stabilizing agent. The resulting nanocomposites demonstrate

exceptional drug adsorption efficiency (up to 99%) and significant antioxidant activity, offering a dual-functional solution for wastewater remediation. By
combining the high conductivity and adsorption capacity of polyaniline with the catalytic properties of silver nanoparticles, this eco-friendly material addresses
pharmaceutical pollution while minimizing environmental toxicity typically associated with traditional nanomaterial synthesis. The work aligns with global

sustainability goals, particularly SDG 6 (Clean Water and Sanitation) and SDG 12 (Responsible Consumption and Production), underscoring its relevance for

future water purification technologies and green chemistry innovations.

1. Introduction

Water contamination is an escalating environmental issue,
driven by industrial waste, pharmaceuticals, and toxic chem-
icals that persist in aquatic ecosystems." Among these, phar-
maceutical pollutants are of particular concern as they
accumulate in water bodies, posing risks to both human health
and aquatic life.>* The detection of pharmaceutical pollutants
even at low concentration in the aquatic environments high-
lights the critical need for efficient removal methods. Conven-
tional water treatment methods, such as adsorption,® oxidation-
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reduction,® membrane filtration,”® and coagulation-floccula-
tion,>* have been employed to mitigate pollution, but these
approaches are often inefficient, expensive, or unable to
completely remove pharmaceutical residues." These challenges
highlight the need for cost-effective and efficient materials,
such as polyaniline-silver nanocomposites, to advance the
removal of pharmaceutical contaminants from water.*?

One such pollutant, piracetam, a widely used nootropic
drug, has been detected in wastewater.'® Piracetam residues in
water may interfere with the nervous systems of aquatic
organisms, and could lead to long-term accumulation and
increased antibiotic resistance.* These risks highlight the
importance of removing piracetam from wastewater. Existing
removal techniques, including ion exchange,* electrochemical
processes,” and filtration,'® often fail to achieve complete
elimination.'” This growing concern underscores the need for
innovative, cost-effective, and sustainable solutions for phar-
maceutical wastewater treatment.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Nanotechnology offers a promising path forward, with
materials such as silver nanoparticles (Ag NPs) demonstrating
antibacterial properties, catalytic activity, and efficient
pollutant removal."® However, conventional synthesis methods
rely on toxic chemicals, which can be harmful to the environ-
ment.” A greener alternative involves the biosynthesis of
nanoparticles using plant extracts, which act as natural
reducing and stabilizing agents.?*** Garlic (Allium sativum L.),
a well-known medicinal plant, has gained attention for its
strong antioxidant and antimicrobial properties**>* and has
been successfully employed in the green synthesis of silver
nanoparticles, eliminating the need for hazardous reagents.>
Recent studies, including the use of Equisetum diffusum extract
for silver nanoparticle synthesis with selective Hg>" sensing and
antimicrobial effects, highlight the increasing focus on eco-
friendly, plant-based methods, supporting our garlic extract-
mediated approach.>®

Another key material in environmental remediation is poly-
aniline (PANI), a conductive polymer known for its high, envi-
ronmental stability, electrical conductivity and high adsorption
capability due to the presence of reactive amine and imine
group that are capable of interacting with pollutant molecules.*”
Polyaniline exhibits similar functional properties to stimuli-
responsive polymers, such as hydroxypropyl cellulose-
succinate-salicylate, which shows pH- sensitive swelling and
controlled pollutant interaction.?® This highlights the potential
to enhance PANI-based materials for improved environmental
remediation and pollutant removal. Silver Nanoparticles (Ag
NPs) possess a high surface area along with strong antimicro-
bial and catalytic properties, which make them suitable for
applications in environmental and biomedical fields. Moreover,
silver nanoparticles are widely employed to modify electrodes
for sensitive and selective electrochemical detection of envi-
ronmental pollutants. This modification improves electron
transfer and signal response, enhancing their effectiveness in
pollutant detection and remediation.?® By combining PANI with
silver nanoparticles, PANI-Ag nanocomposites offer a syner-
gistic approach to pollutant removal, capitalizing on the
adsorption efficiency of polyaniline and the catalytic potential
of silver.?>*

As part of our research on sustainable solutions,** this
study aims to synthesize eco-friendly, plant-mediated method
to synthesize polyaniline-encapsulated silver nanocomposites
(PANI-Ag NCs) using garlic extract and assess their effectiveness
in removing piracetam drug from aqueous solutions. Our
objective was to evaluate their efficiency in removing piracetam
from aqueous solutions while also assessing their antioxidant
properties. This research not only contributes to sustainable
water treatment strategies but also aligns with global Sustain-
able Development Goals (SDGs), particularly SDG 6 (Clean
Water & Sanitation), SDG 12 (Responsible Consumption &
Production), SDG 9 (Industry, Innovation & Infrastructure), and
SDG 13 (Climate Action).*

By developing environmentally friendly nanomaterials, this
study provides a practical, scalable solution for tackling phar-
maceutical pollution and highlights the potential biomedical
applications of PANI-Ag nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2. Experimental methodology

2.1. Chemicals and materials

High-purity chemicals (>99%) were used, including aniline
(monomer), hydrochloric acid, ammonium persulfate (APS),
silver nitrate, fresh Garlic, double-distilled water, piracetam
drug, 0.1 M HCI, and 0.1 M NaOH. Equipment included a pH
meter, 0.001 g accuracy scale balance, 1000 pm micropipette,
and cuvettes.

2.2. Preparation of garlic extract

20 grams of fresh garlic were obtained from a local market in
Chandigarh. After thorough rinsing with double-distilled water
to remove surface impurities, the Garlic was finely ground using
a mortar and pestle. The grinded Garlic was immersed in 400 ml
of double-distilled water and boiled at 100 °C until the solution
underwent a colour change and volume of solution was reduced
by half. After cooling to room temperature, the extract was
filtered by using Whatman filter paper to obtain a clear garlic
extract (G.E.) solution. This extract was employed as a reducing
agent for the fabrication of silver nanoparticles.

2.3. Synthesis of polyaniline

To synthesize polyaniline, dispense 0.1 M Ammonium persul-
fate (APS) solution from a burette and titrate it against a 0.1 M
Aniline solution that is prepared in 0.1 M hydrochloric acid
(HCI) solution with continuous magnetic stirring. Allow the
reaction to proceed for at least 5-6 hours at room temperature.*

2.4. Green synthesis of silver nanoparticles

A 0.1 M silver nitrate solution was prepared and titrated against
50 ml of garlic extract under continuous magnetic stirring at
room temperature. After 20-25 minutes, the solution changed
its colour from milky white to a milky pale-yellow colour
precipitate, indicating the fabrication of silver nanoparticles.
This method enables the reduction of Ag' ions to form silver
nanoparticles within the Garlic extract solution.*

2.5. Fabrication of polyaniline based silver-nanocomposites

PANI-coated silver nanocomposites were synthesized by slowly
adding silver nanoparticle solution dropwise into the freshly
synthesized PANI solution (1 : 1 ratio) under continuous stirring
at room temperature. The colour changes observed during the
reaction of PANI-Ag NCs. The reaction proceeded for 24 hours to
ensure uniform incorporation of Ag NPs into PANI. After 24
hours, product was centrifuged at 3000 rpm for 15 minutes to
separate the nanocomposites. In this process, nanoparticles
precipitated out from the solution, and the residual solution
removed. The obtained nanoparticles were rinsed several times
with double-distilled water and ethanol for removing any left-
overs impurity and unreacted materials; hence, a high purity
silver nanoparticle.

The final product was placed in an oven to dry at 60 °C for 12
hours to yield the PANI-coated silver nanocomposites. Then, the
nanocomposites were kept in a desiccator for further
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characterization and evaluation of their ability to remove
pharmaceutical contaminants from aqueous solutions.

3. Characterization studies

After the successful synthesis of PANI-encapsulated silver
nanocomposites using garlic extract, the nanocomposites were
analyzed using various scientific instruments, which provided
detailed confirmation of their structural, morphological, and
compositional characteristics.

3.1. UV-visible spectral analysis

UV-Vis spectrophotometry is one of the most significant tech-
niques to confirm the existence of metal nanoparticles in
a liquid medium and to access their optical properties. The
observed colour change, which implies the fabrication of PANI-
coated silver nanocomposites, was further analyzed with the
help of a UV-Vis spectrophotometer.

We used a Shimadzu UV-1900 UV-VIS spectrophotometer to
analyze their absorption and transmission of light in samples.

The UV-Vis spectra for garlic extract, silver nanoparticles,
polyaniline (PANI), and polyaniline-coated silver nano-
composites were obtained as illustrated in Fig. 1. Each sample
was analyzed over the complete wavelength range of 200 to 800
nanometers at ambient temperature.

The black curve represents the garlic extract, showing, which
shows a baseline absorbance that does not exhibit sharp,
prominent peaks, which corresponds to the adsorption of
bioactive compounds present in the garlic extract. The red curve
confirms the presence of Ag NPs with the 258 nm region
showing the electronic transition of silver nanoparticles in UV
region, while the 410 nm is another characteristic SPR peak
(Surface Plasmon Resonance Peak) found in the visible range.
Singh et al reported synthesis of Ag nanoparticles which
matches the result of our current finding.**> The blue curve
shows peaks near 235 nm, corresponding to 7- transition of
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Fig.1 UV spectrophotometer of G.E., silver nanoparticles, polyaniline,
polyaniline-coated silver nanocomposites.
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benzenoid rings* and around 286 nm, related to the w-m
transition of quinoid rings*, confirming the presence of Poly-
aniline. The green curve confirms the presence of both PANI
and Ag NCs, with the 240-290 nm region showing m-mt* tran-
sitions from the PANI structure, while the SPR peak around
434 nm from Ag NCs becomes less prominent, indicating the
successful integration of silver nanoparticles into the PANI
matrix. Verma et al. reported the fabrication of Cu-doped PANI
nanocomposite in 2024 which matches the UV-range observed
in our current finding.**

3.2. FTIR spectral analysis

FTIR spectroscopy was carried out using the PerkinElmer
Fourier-Transform Infrared Radiation spectrophotometer,
range between 4000 cm ' and 400 em ™, well known for its
exceptional optical performance and study the chemical bonds
present in the nanoparticles and nanocomposites. Fig. 3 illus-
trates the FTIR spectrum of Polyaniline and Polyaniline-coated
silver nanocomposites fabricated using Garlic extract. In
Fig. 2(a), the absorption peaks are located mainly at 2981 cm ™%,
1587 cm ™', 1495 cm ™Y, 1296 cm ™', 1148 cm ™, 817 cm ™! in the
region 4000 cm ™" to 400 cm ™.

The prominent peak at 2981 cm™ ~ in an IR spectrum is
typically associated with the stretching vibration of C-H bonds
of PANI. The peak at 1587 cm ™" often corresponds to the C=C
stretching vibrations in its quinonoid structure, whereas a peak
at 1495 cm ' typically corresponds to the C=C stretching
vibration in its benzenoid structure. The peak at 1296 cm ' in
an IR spectrum often corresponds to C-N stretching vibrations.

1

The peak at 817 cm ™" in an IR spectrum often corresponds to
the bending vibration of C-H bonds in substituted aromatic
compounds or out-of-plane bending vibrations in aromatic
rings. These results are aligned with the previous studies that
had reported identical characteristics bands of polyaniline.**
In Fig. 2(b), The sharp peak at 3228 cm ™" arises from the
vibrational and deformational characteristics associated with
N-H bonds. The peak at 1495 cm ' demonstrates the appear-
ance of N-B-N structure, with B representing a benzene ring.
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Fig. 2 (a) FTIR analysis of PANI (b) FTIR analysis of PANI-incapsulated
silver nanocomposites.
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The peak at 1287 cm™ and 1146 cm ~ indicates the C-N
stretching. The peak at 1043 cm™" the stretching vibrations of
the C-O bond. The peak at 824 cm™ " indicates the bending
vibrations in C-H bond in an aromatic group. The peak at
686 cm™' indicates the Ag-N interaction confirming the
corporation of silver nanoparticles in polyaniline. This peak act
as a unique feature for the PANI component within the PANI-
silver nanocomposites. These findings were consistent with
the results of earlier studies,” which had reported similar
characteristics bands for Polyaniline-silver nanocomposites
(PANI-Ag NCs).

3.3. X-ray diffraction analysis

We used an analytical X’PERT PRO X-ray diffractometer (XRD)
to record the X-ray diffraction patterns. Fig. 3(a) illustrated the
characteristic X-ray diffraction patterns of Polyaniline. This
pattern has two clear and sharp peaks at 26 = 20°, 25° which
demonstrates the existence of (110) and (200) planes, respec-
tively. The X-ray diffraction pattern of PANI has a crystallinity of
39.4% and 60.6% amorphous. By employing Debye-Scherrer
formula, we calculated the crystal size of PANI as 16.27 nm.

Fig. 3(b) illustrated the characteristics X-ray diffraction
patterns of polyaniline-coated silver nanocomposites. This
pattern has 6 sharp peaks at 20 = 28.2°, 32.7°, 38.6°, 46.6°,
55.2°, and 57.9°. The peaks at 28.2° and 32.7° are uncommon in
typical silver XRD pattern. It might indicate the presence of
other phase or the extra interaction between PANI and Silver.
The main peaks at 38.6°, 46.6°, 55.2°. These findings are aligned
with the previous study which has reported the synthesis of
polyaniline/silver nanocomposites.*® The diffraction analysis of
PANI-Ag NCs showed the crystallinity of 71.9% and 24.12%
amorphous. The crystal size of PANI-Ag Cs was determined to be
28.77 nm which confirmed the presence of well-defined crys-
talline structure.

The crystallite size (D) can be determined using the Debye-
Scherrer formula:
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K denotes the shape factor, set at a specific value of 0.94 for this
analysis. A represents the wavelength of the incident Cu-Ka X-
ray radiation, precisely 0.154252 nm. § indicates the full
width at half maximum (FWHM), measured in radians. 6 refers
to Bragg's angle, also expressed in radians.

3.4. Scanning-electron microscopy with energy dispersive X-
ray spectroscopy (SEM-EDX)

We examined the structure and surface properties of PANI,
silver nanoparticles and PANI-Silver nanocomposites using the
HITACHI SUB080 SERIES microscope for SEM-EDX.

We conducted Morphology analysis and particle size and
composition of PANI, Ag NPs and PANI-silver nanocomposites
in sample by integrating scanning electron microscopy with
energy dispersive X-ray spectroscopy (SEM-EDX).

Fig. 4 illustrated the SEM image, providing an in-depth
examination of the surface morphology and shape of the Poly-
aniline, silver nanoparticles and Polyaniline-coated silver
nanocomposites. This technique provides a great way of viewing
three-dimensional surface features; high-resolution images are
availed that enable the identification of important features such
as particle size and shape, surface roughness, among others. It
is through such observations that one is able to get an insight
into the structural aspects of the material being handled.
Notably, the analysis indicates that the SEM image of PANI
shows large and irregular shape particles with rough and
porous surfaces. Silver NPs shows the irregular spherical shape
and the PANI-coated silver nanocomposites display a non-
porous structure with an irregularly spherical morphology.

SEM-EDX analysis of the synthesized nanoparticles confirms
the successful formation of polyaniline-coated silver nano-
composites. The elemental composition of the fabricated PANI-
coated Ag nanocomposites, which included carbon (C),
nitrogen (N), oxygen (O), and silver (Ag), was verified by EDX
analysis. The major element was silver, which had a mass
percentage of 72.42 + 3.79% and an atom percentage of 26.19 +
1.37%. Both nitrogen and oxygen made significant contribu-
tions: nitrogen made up 8.92 £ 1.67% of the mass and 24.85 £
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Fig. 3 X-ray diffraction analysis of synthesized PANI & PANI-coated silver nanocomposites.
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Fig. 4 SEM image of synthesized (a) & (b) silver nanoparticles (c) & (d) PANI (e) & (f) PANI-coated silver nanocomposites.

4.66% of the atom, while oxygen made up 14.37 £ 2.05% of the
mass and 35.04 £ 4.99% of the atom. At a mass percentage of
4.28 + 0.37% and an atom percentage of 13.92 + 1.21%, carbon
was less prevalent. The average size of the nanoparticles was
also determined using Image] software, and it was found to be
48 nm. Mehdi Rezvani et al. reported the synthesis of PANI-
magnetite nanocomposites and reported the average size as
40 nm, validating our current findings.*”

3.5. High resolution transmission electron microscopy
(HRTEM)

The successful synthesis of PANI-Ag NCs is verified by high-
resolution transmission electron microscopy (HRTEM) anal-
ysis. The HRTEM image of the PANI-Ag NCs is depicted in Fig. 8.
It provides detailed structural information concerning the

1254 | Environ. Sci. Adv, 2025, 4, 1250-1266

formation and morphology at the nanoscale. The silver nano-
particles exhibit a spherical or slightly irregular morphology,
with well-defined edges. A thin layer, likely the polyaniline
(PANI) coating, is visible. The uniformity of this coating indi-
cates successful incorporation of silver nanoparticles by PANI.*®
The HRTEM images of the polyaniline/Ag nanocomposites as
shown in Fig. 5 revealed that the silver nanoparticles are evenly
distributed within the Polyaniline matrix. As shown by these
HRTEM images of the current composite, silver nanoparticles
feature as dark, nearly spherical dots on the smooth, bright
polyaniline coating shell surface.

3.8. Thermal behavior and stability: comparative insight

While the present study primarily focused on the synthesis,
characterization, and functional performance of the PANI-Ag

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a-d)
(HRTEM) images of the synthesized PANI-Ag nanocomposites.

High resolution transmission electron microscopy

nanocomposites, it is important to consider the thermal
stability of such materials, especially for their potential appli-
cation in biomedical and environmental settings. Although
thermogravimetric or calorimetric analysis was not conducted
in this work, existing literature provides supportive insights. For
instance, hydrogel matrices derived from Salvia spinosa seeds
have demonstrated commendable thermal resistance and
degradation kinetics, making them promising candidates for
sustained drug release under varying conditions.* Considering
the established thermal resilience of polyaniline and the
stabilizing effects of silver nanoparticles, it is reasonable to
anticipate that the synthesized nanocomposites possess favor-
able thermal behavior. Nonetheless, future studies will aim to
incorporate comprehensive thermal profiling using TGA and
DSC techniques to quantitatively assess stability under opera-
tional conditions.

3.6. Dynamic light scattering analysis (DLS)

The characterization of PANI-Ag-nanocomposites in this work
provides important information on some of their physical and
optical properties. The DLS analysis provides comprehensive
insights into the size distribution, dispersion quality, and
stability of the synthesized PANI-Ag nanocomposites. The size
distribution graphs revealed a primary peak at about 163.92 nm,
representing the most prevalent size of the nanoparticles, while
a secondary peak at about 636.8 nm was found, indicating the
presence of minor aggregation within the sample.

The hydrodynamic diameter was 285.58 nm, as shown in
Table 1, reflecting the average dimension of nanoparticles in
solution, including interaction with the surrounding medium.
The poly dispersity Index (PDI) was 0.25 which indicates
a moderately monodispersed system, which is typical for nano-
composites synthesized through green methods. The high mean
intensity of 289.124 kcounts per s greatly signifies biomedical
imaging because this was representative of the average scattered
light detected. Increased visibility by nanoparticles increases

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Environmental Science: Advances

Table 1 DLS data for synthesized PANI-Ag NCs

Hydrodynamic diameter 285.6 nm
Polydispersity index 0.25
Diffusion coefficient 0.8 pum2/s
Intercept g;> 0.6866 0.6866

Fit error 0.0001997
Peak intensity 1 163.92 nm
Peak intensity 2 636.83 nm

their chances of detection and analyses in biomedical imaging for
increased image quality and sharpness in visual acuity. The total
intensity of 139 677.9 kcounts per s clearly depicts the overview of
the scattering properties of the silver nanoparticles and their
interaction with the X-ray beam in the study. These findings had
been consistent with the previous research, which validating the
data reported by Sheeba Ghani et al. on the synthesis of Ag/PANI
composite counter electrodes (CEs).>

3.7. Zeta-potential of PANI-Ag NCs

The zeta-potential of the synthesized PANI-Ag nanocomposites
was measured to estimate their colloidal stability. A zeta potential
value in the range of —20 to —30 mV suggests moderate stability
because this magnitude indicates that electrostatic repulsion
between the particles is sufficient to prevent aggregation. This
stability is further enhanced by the capping agents from the plant
extract, which help in maintaining the dispersion of the particles.
As shown in Fig. 6, the PANI-coated silver nanoparticles showed
a good stability due to the presence of their negative surface
charge, given that the zeta potential was —21.84 mV. Ebrahim
et al. in 2020 reported zeta potential of PANI/Ag/GO QD nano-
composite as 30.3 mV, which matches the result of synthesized
PANI-Ag NCs, validating the synthesis process.”

4. Antioxidant studies

Antioxidants are crucial in preventing molecule oxidation and
counteracting free radicals, protecting cells from oxidative
stress. They help prevent damage to DNA, proteins, and lipids,
contributing to overall health. Additionally, antioxidants may
protect against chronic diseases, highlighting their broader
health benefits. The antioxidant activity of Polyaniline and
Polyaniline-coated silver nanocomposites were determined by
DPPH (2,2-diphenyl-1-picrylhydrazyl) method and ABTS (2,2’
azinobis (3-ethylbenzothiazoline-6-sulfonic acid)) method. All
antioxidant assays were conducted in triplicate to confirm the
consistency and reliability of the results.

4.1. DPPH assay

In this assay, the DPPH radicals, which have a deep blue color in
alcoholic solutions, react with visible changes in the presence of
antioxidants. Antioxidants cause a noticeable color change to
pale yellow or even colorless due to their fast action of reducing
DPPH radicals by providing hydrogen atoms or electrons. The
absorbance is observed at a wavelength of 517 nm.*> The DPPH
scavenging activity was calculated by following equation:

Environ. Sci.: Adv., 2025, 4, 1250-1266 | 1255
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Fig. 6 Zeta potential distribution graph for synthesized PANI-Ag NCs.
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Fig. 7 Antioxidant activity comparison of PANI, PANI-Ag NCs, gallic
acid and ascorbic acid.

*DPPH scavanging % = [—Aconm’l — AS"‘mp]e} x 100
Acontrol

In this study, PANI showed a significant antioxidant activity as
shown in Fig. 7, measured at 33.8 & 0.05%. The antioxidant
activity of PANI-coated silver nanocomposites was improved to
56.16 + 0.14% compared to standard solution like Gallic acid
(91.76 + 0.15%) and ascorbic acid (89.52 + 0.09%). A decrease
in absorbance directly represents the antioxidant activity of the
tested compounds, since it is a function of radicals being
neutralized by the antioxidant. Statical analysis showed that the
antioxidant activity of PANI-coated silver nanocomposites was
significantly higher than that of PANI alone (p < 0.05). The
results suggest that the incorporation of silver nanoparticles
enhances polyaniline's efficiency to scavenge radicals. This is
possibly because the silver nanoparticles somehow combine
synergistically with PANI, enhancing the ability to donate an
electron or a hydrogen atom.

4.2. ABTS assay

The synthesized nanoparticles were evaluated using the ABTS
cation radical technique, which measures antioxidant activity by
reducing absorption at 734 nm. PANI showed significant antiox-
idant activity (56.16 = 011%) The PANI-coated nanocomposites
showed significant antioxidant activity (76.70 £ 0.14%) compared
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to standards like Gallic acid (96.93 £+ 0.25%) and ascorbic acid
(97.63 £ 0.15%), indicating their potential in combating oxidative
stress. PANI-coated silver nanocomposites exhibit higher antiox-
idant activity than PANI alone, emphasizing the benefits of
nanocomposite formation. The antioxidant activity of the nano-
composites nevertheless remains lower than that of standard
antioxidants despite of this improvement, indicating that PANI-
based materials could potentially be employed as additional
antioxidants but not as direct substitutes for prominent antioxi-
dants like ascorbic acid and gallic acid. The ABTS scavenging
activity was calculated by the equation as follows:

s A ontrol — Asam e
*ABTS scavanging’ = {M

x 100
AComrol :|

Statical analysis confirmed the significant increase in anti-
oxidant activity for PANI-coated silver nanocomposites
compared to PANI and Ag NPs (p < 0.05). PANI-coated silver
nanocomposites possess moderate-to-good antioxidant activity,
making them promising materials for specific applications.
However, their performance compared to gallic acid and
ascorbic acid suggests that although they can complement
traditional antioxidants, they are not yet a direct replacement.
Additionally, multifunctional nanomaterials like sulfonamide-
functionalized silver nanoparticles have demonstrated prom-
ising properties, including effective antioxidant activity, selec-
tive Ni*>" sensing, and antimicrobial effects. This highlights the
potential for combined applications and underscores the
multifunctional benefits of silver-based nanocomposotes such
as PANI-coated silver nanocomposites investigated in this
study.*® Recent studies have also reported the biomedical rele-
vance of Ag NPs, including antimicrobial and wound healing
applications.*

5. Applications of polyaniline-
encapsulated silver nanocomposites
for drug removal from aqueous
solutions

The study on PANI-coated silver nanocomposites displayed
promising applications of these nanomaterials in both

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Structure of piracetam drug.
environments and the biomedical fields. These nano-

composites possess significant potential for removing drugs
from aqueous solutions in the environmental domain, The
Experimental investigations were carried out at a fixed room
temperature Ze., 25 °C. Piracetam has been selected for study
due to its widespread incorporation into numerous industrial
products. The chemical structure of Piracetam drug is illus-
trated in Fig. 8 as follows:

Throughout all experiments, the subsequent expressions
were used to determine the percentage of Drug removal and the
quantity of drug adsorbed at equilibrium.*

The percentage removal (%R) of the drug was determined by
using the formula:

G — C.

% R = C
0

x 100

where C, represents the initial concentration and C, represents
the final concentration of the drug. To examine the adsorption
capacity of the PANI-coated silver nanocomposites, the quantity
of drug adsorbed (Q. in mg g~ ') was determined by employing
the formula:

(Co—C)V

Qe: M

In this equation, C, and C. are the initial and final drug
concentrations (mg L"), respectively; V is the volume of the
solution in litters; and M is the mass of PANI/Ag NCs used (g).
The study focused on evaluating the efficiency of polyaniline-
coated silver nanocomposites by examining how various phys-
ical parameters affect adsorption.

5.1. Effect of operational parameters on drug removal

Experimental investigations were conducted under controlled
conditions, including varying pH, contact time, temperature,

Table 2 Condition in the effect of each parameter
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and dosages of PANI-coated silver Nanocomposites. Table 2
presents the specific conditions analyzed for each parameter.

The results indicated that these nanocomposites can effec-
tively remove Piracetam from aqueous solutions, with drug
removal efficacy being influenced by the parameters studied.

5.1.1. Effect of dose of adsorbent. The dose of adsorbent in
the adsorption process is an extensive factor that affected the
rate of adsorption. The adsorption experiment was conducted
using various dose of adsorbent i.e., PANI-Ag NCs, ranging to
the drug as shown in Fig. 10.

The magnetic stirring speed was maintained at 950 rpm, and
the pH of the drug solution was regulated at 7. The findings of
this research are illustrated in Fig. 9 from 10 mg to 30 mg, which
were applied the drug. This variation can be observed in Fig. 9
where 10 and 20 mg of PANI-Ag NCs dose shows moderate drug
removal efficacy by adsorption. When 30 mg of adsorbent was
added, the removal efficacy of the PANI-Ag NCs increased. The
results demonstrated that the adsorption efficiency is directly
proportional to the quantity of adsorbent present in the drug
solution. As the dose of the adsorbent increases, the rate of
adsorption also increases. Consequently, as the dose of PANI-Ag
NCs increases, the surface area available for interaction with the
drug also expands, enhancing the overall adsorption rate.

5.1.2. Effect of pH of drug solution. In this study, the pH
variation played a crucial role in influencing the removal effi-
cacy. The adsorption experiment was conducted at 800 ppm
drug concentration and a 30 mg dose of PANI-coated silver NCs,
a contact time of 90 min, at room temperature, with pH
conditions varied between acidic (pH = 2 and 4), neutral (pH =
7), and basic (pH = 10 and 12). The agitation speed was fixed at
960 rpm along the experiment. It can be found from Fig. 10 that
changes in the pH value would affect the removal of the drug,
with the highest removal occurring under a neutral environ-
ment at pH = 7.

The changes in the level of pH result in changes on the
surface of the adsorbent, which again impact the efficiency in
sorption. The effectiveness of removal was reduced at both
acidic (pH 10 and 12) and basic (pH 2 and 4). At pH 2 and 4 as
shown in Fig. 10(a and b), protonation of the adsorbent surface
produced a positive charge, which leads to repulsion with
positively charged drug molecules, reducing adsorption effi-
ciency. Similarly, at pH 10 and 12 as shown in Fig. 10(d and e),
Piracetam ionized into a negatively charged form and electro-
static repulsion with a negatively charged adsorbent reduced

Factors (range) pH Drug concentration (ppm) Time (min) Temperature (°C)
PH (2-10) 800 ppm 90 min 43 °C

Adsorbent dosage (10-30 mg) 7 800 ppm 90 min 43 °C
Temperature (20-95 °C) 7 800 ppm 90 min

Time (15-180 min) 7 800 ppm 180 min 65 °C
Concentration (50-800 ppm) 7 180 min 65 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 The effect of dose of adsorbent (PANI-Ag NCs) as (a) 10 mg, (b) 20 mg and (c) 30 mg under conditions of a drug solution concentration of
800 ppm, a contact time of 90 minutes, pH 7 and at room temperature, (d) Bar graph of adsorption of Piracetam at various doses by PANI-Ag

NCs.

removal efficacy. Highest adsorption occurred at neutral pH 7 as
shown in Fig. 10c, where electrostatic interactions were
reduced.”®

5.1.3. Effect of temperature. The adsorption experiment for
the drug solution using the PANI-Ag nanocomposite adsorbent
was performed by varying the temperature ranging from 20 °C
to 95 °C, with a drug concentration of 800 ppm, at pH 7, and an
adsorbent dose of 30 mg. The results, as depicted in Fig. 11,
show that an increase in temperature increases the drug
removal rate and deceases the absorbance, with this adsorption
rate reaching an equilibrium at 65 °C for the adsorbent. At
equilibrium, the amount of the drug being adsorbed onto the
adsorbent becomes equal to the amount returned to solution,
forming a steady-state condition. The thermal behaviour of the
PANI-Ag nanocomposites indicates good stability under
adsorption conditions, which underscores their potential
effectiveness for use in environmental remediation and phar-
maceutical applications,
conditions.>”

even under higher temperature

1258 | Environ. Sci: Adv., 2025, 4, 1250-1266

5.1.4. Effect of time. The adsorption experiment for the
drug solution with the PANI-Ag nanocomposite adsorbent was
conducted by varying the contact time from 15 min to 180
minutes. The experiment was carried out with a drug concen-
tration of 800 ppm, at pH 7, using an adsorbent dose of 30 mg,
and a temperature of 65 °C. The agitation speed was fixed at
960 rpm along the experiment. The variations can be observed
in Fig. 12 where the drug removal efficacy at 180 minutes
showed a significant higher value. The result demonstrated that
the drug removal efficacy of the drug increases with longer
contact time. This indicates a positive correlation between
contact time and the efficiency of drug adsorption by the
adsorbent.

5.1.5. Effect of concentration of drug solution. To explore
the adsorption capacity of synthesized PANI-coated Ag NCs, the
adsorption experiment was performed with drug concentra-
tions varying from 50 ppm to 800 ppm, at pH 7, using 30 mg of
adsorbent at 65 °C temperatures in a contact time of 180
minutes. From Fig. 13, it was observed that 50 ppm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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concentration of drug solution showed less adsorption effi-
ciency and 800 ppm concentration of drug solution of drug
showed the higher drug removal efficacy. Fig. 13 depicted that
the adsorption efficiency increases with increasing in drug
concentration, likely due to the higher availability of drug
molecules facilitating grater adsorption onto active sites.

5.2. Mechanism of piracetam adsorption onto PANI-Ag
nanocomposites

The adsorption of piracetam onto PANI-coated silver nano-
composites is primarily governed by electrostatic interactions,
hydrogen bonding, and m-m stacking. The presence of posi-
tively charged polyaniline (PANI) in acidic conditions facilitates

© 2025 The Author(s). Published by the Royal Society of Chemistry

adsorption by interacting with the negatively charged oxygen-
containing functional groups in piracetam molecules. A sche-
matic diagram of the adsorption mechanism, highlighting the
key interactions responsible for effective drug removal as
illustrated in Fig. 14. Additionally, silver nanoparticles enhance
adsorption by providing active binding sites for drug molecules.
The superior adsorption of PANI-Ag NCs arises from the
synergistic effect between polyaniline and silver nanoparticles.®”

The adsorption process follows a Langmuir monolayer
model, indicating uniform surface adsorption without signifi-
cant multilayer formation. Kinetic studies confirmed pseudo-
second-order behaviour, suggesting a chemisorption

Environ. Sci.: Adv., 2025, 4, 1250-1266 | 1259
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mechanism, where electron exchange or covalent interactions
play a role.

6. Kinetic and adsorption isotherms

The adsorption kinetics and isotherms of piracetam drug
removal using polyaniline-coated silver (PANI-Ag)
composites were evaluated systematically. The data provide
essential insights into the adsorption mechanism, surface
interactions, and equilibrium properties of the nano-
composites, ensuring an effective removal process.

nano-

6.1. Adsorption isotherm

In solid-liquid systems, the equilibrium of sorption is a key
physico-chemical factor that helps explain the behavior of
adsorption processes. Adsorption isotherms describe the rela-
tionship between the concentration of the substance being
adsorbed in the solution and the amount that adsorbed at the
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Fig. 13 The effect of concentration of drug was investigated under
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interface.*® Two isotherm models were applied to understand
the type of interaction: (i) the Langmuir isotherm model and (ii)
the Freundlich isotherm model. Langmuir model suggests that
monolayer adsorption occurs throughout the process and there
is no interaction between the adsorbed particles. Freundlich
model assumes that multilayer adsorption occurs due to the
interaction between the adsorbed particles.®*

The suitability of the isotherm to describe the adsorption
process was assessed using the correlation coefficient R*. The
linear plot of C./q. against C. indicates that the Langmuir
isotherm is applicable. The values of gn,.x and K;, are obtained
from the slope and intercept of this plot, as per Equation

Ce 1 Ce

qe B KLqmax

qmax

C. represents the equilibrium concentration of the drug in
solution (mg L"), g. is the amount of drug adsorbed on the
surface of polyaniline-coated silver nanocomposites at equilib-
rium (mg g°"), gmax is the maximum adsorption capacity for
a monolayer, and K is the adsorption energy (L g™ ).

Adsorption isotherms describe the equilibrium relationship
between adsorbate concentration in solution and its adsorption
onto the nanocomposite surface. The Langmuir and Freundlich
models were used to interpret adsorption behavior.

6.1.1. Langmuir isotherm. The Langmuir model assumed
monolayer adsorption on a homogenous surface with finite
adsorption sites. The linearized Langmuir equation was used to
calculate the maximum adsorption capacity (¢max) and adsorp-
tion energy (K). The experimental data fitted well with the
Langmuir model, as indicated by a high correlation coefficient
(R? close to 1), suggesting uniform adsorption and no signifi-
cant interaction between adsorbed molecules. The maximum
adsorption capacity (gmax) Was 63.2 mg g~ ', which aligns with
values reported for PANI-based nanocomposites in similar
studies.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Langmuir isotherm plot for the removal of Piracetam drug by
synthesized PANI-Ag NCs.

Fig. 15 had depicted the Langmuir isotherm plot, which had
established the relationship between the equilibrium concen-
tration of piracetam in the solution (C.) and the amount
adsorbed per unit mass of the adsorbent (g.). The linearity of
the plot had confirmed that the adsorption of piracetam onto
PANI-Ag nanocomposites had followed the Langmuir model,
indicating monolayer adsorption on a homogeneous surface.
The derived parameters, including the maximum adsorption
capacity (¢max) and the Langmuir constant (Ky ), had highlighted
the high adsorption efficiency of the nanocomposites. The
strong correlation coefficient (R*) had supported the applica-
bility of the Langmuir model, suggesting that the active sites on
the adsorbent surface had been uniform and equally accessible.
These findings had concluded that the adsorption process had
been highly effective and primarily governed by monolayer
adsorption mechanisms.

6.1.2. Freundlich isotherm. The Freundlich model
accounts for multi-layer adsorption on heterogeneous surfaces.
The Freundlich constants (Kz and n) indicated optimized
adsorption, with an n value between 1 and 10, supporting strong
adsorbate-adsorbent interactions. This model demonstrated
slightly lower R*> values compared to the Langmuir model,
suggesting that while multilayer adsorption occurred, mono-
layer adsorption predominated.

The Freundlich isotherm accounts for adsorption in
heterogeneous systems and is not limited to monolayer
formation. The Freundlich equation is expressed as:

Ing. =In K¢ + (%) In C,

Fig. 16 had illustrated the Freundlich isotherm plot, showing
the logarithmic relationship between the equilibrium concen-
tration (C.) and adsorption capacity (ge). Unlike the Langmuir
isotherm, the Freundlich model had accounted for the hetero-
geneity of the adsorbent's surface, allowing multilayer adsorp-
tion. The calculated Freundlich constants, K (adsorption
capacity) and n (adsorption intensity), had revealed the varying
affinities of the nanocomposites' surface. The value of n, within

Environ. Sci.: Adv., 2025, 4, 1250-1266 | 1261
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the favourable range of 1-10, had indicated a beneficial
adsorption process. However, the Freundlich model's lower
correlation coefficient compared to the Langmuir model had
suggested that monolayer adsorption had dominated, with
heterogeneity playing a secondary role. Thus, while the surface
of the PANI-Ag nanocomposites had exhibited some degree of
heterogeneity, the adsorption process had been primarily uni-
formed and efficient.

Similar adsorption capacities have been reported for PANI-
based adsorbents, such as 58.6 mg g~ for Cr(v)) removal and
60 mg g ' for methylene blue adsorption. The alignment with
the Langmuir isotherm has also been observed in studies using
Ag-PANI nanocomposites for dye and heavy metal removal,
reinforcing the findings here.®

Thus, in conclusion, the adsorption isotherms accurately
described the process, with a predominant Langmuir fit sug-
gesting monolayer adsorption on a homogenous surface. The
high gmax value indicates excellent adsorption efficiency, vali-
dating the use of PANI-Ag nanocomposites.

6.2. Adsorption kinetics

Kinetic analysis was carried out to understand the adsorption
dynamic and mechanism. Three models, pseudo-first-order,

pseudo-second-order, and intra-particle diffusion, were
evaluated.
6.2.1. Pseudo-first-order mode. The pseudo-first-order

model suggests that the adsorption efficiency is directly
proportional to the number of active sites available on the
adsorbent surface, implying physical adsorption or phys-
isorption. The model is stated by the following equation:

In(g. — ¢;) = Ing. — Kyt

k, is the first-order adsorption rate constant. Calculation of
pseudo-first order rate constant k; and equilibrium adsorption
amount ¢, can be done by plotting log(g. — ¢;) as a function of
time ¢. From the slope and intercept of this plot, the value of k;
and ¢. can be derived.
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Fig. 16 Freundlich isotherm Plot for the removal of Piracetam drug by
synthesized PANI-Ag NCs.
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A In(ge — g) vs. time plot determined the rate constant (k)
and equilibrium adsorption capacity (g.). The model showed
a moderate fit, indicating that physical adsorption (phys-
isorption) alone does not fully explain the process.

6.2.2. Pseudo-second-order model. The pseudo second-
order model suggests that the adsorption efficiency is based
on the amount of drug molecules adsorbed at any time and at
equilibrium. This infers chemical adsorption (chemisorption)
of the process. The following equation illustrates the model:

t 1 t

= +
@ kgl qe

This model assumes chemisorption as the rate-determining
step, where adsorption occurs via valence forces or electron
sharing. The pseudo-second-order kinetics model shows a very
strong correlation value (R* = 0.999), indicating that the
adsorption process follows a reaction rate that is directly
proportional to the square of the number of adsorbed mole-
cules. This suggests that the adsorption process is likely influ-
enced by chemical interaction between the adsorbate and
adsorbent, rather than by physical adsorption alone. A linear
plot of t/q, versus time confirmed an excellent fit (R* close to 1).
The pseudo-second-order rate constant (k,) and g, values closely
matched experimental results, confirming that chemisorption
played a dominant role in the process.

5.2.2.3. Intra-particle diffusion model. This model examined
the diffusion of drug molecules within the pores of the adsor-
bent. A multi-linear plot indicated that the adsorption process
involved multiple stages, including both external mass transfer
and intra-particle diffusion. The absence of a straight-line
origin intercept suggested that while intra-particle diffusion
was significant, other factors like surface adsorption contrib-
uted to the overall mechanism.

Similar trends have been reported for Ag-PANI nano-
composites in the removal of pharmaceuticals and dyes, with
pseudo-second-order kinetics dominating the process. In
studies involving heavy metal adsorption using PANI nano-
composites, the chemisorption mechanism was also predomi-
nant, reinforcing the findings of this study. The kinetic studies
confirmed that chemisorption is the primary mechanism
driving the adsorption process. The pseudo-second-order
model provided the optimal fit, aligning with literature and
supporting the effectiveness of PANI-Ag nanocomposites for
piracetam removal.

Fig. 17 and 18 had evaluated the adsorption kinetics of
piracetam removal through pseudo-first-order and pseudo-
second-order kinetics. The pseudo-first-order plot, which had
assumed physical adsorption (physisorption), had exhibited
a lower correlation coefficient, suggesting that physisorption
had not been the dominant mechanism. In contrast, the
pseudo-second-order plot, based on chemisorption, had
provided an excellent fit with a high R* value. This model had
assumed that the adsorption efficiency was directly related to
the square of the number of available active sites, implying the
formation of strong chemical interaction between the adsor-
bent and the adsorbate. These findings had confirmed that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 The plot showing kinetics of pseudo first-order for removal of
piracetam drug by PANI-Ag NCs; 50 ml, 0.8 g L™ adsorbent, at 65 °C,
steering speed 1000 rpm and pH 7 for 180 minutes.

adsorption process had been primarily governed by chemi-
sorption, with the PANI-Ag nanocomposites providing specific
active sites that had facilitated strong interactions with pirace-
tam molecules. The results had highlighted the high efficiency
and reliability of these nanocomposites in environmental
remediation applications.

The adsorption studies had demonstrated that the removal
of piracetam by PANI-Ag nanocomposites had followed the
Langmuir isotherm, confirming monolayer adsorption on
a homogeneous surface. The adsorption process had been
dominated by chemisorption, as evidenced by the pseudo-
second-order kinetics. While the Freundlich isotherm had
indicated some degree of surface heterogeneity, its lower
applicability had underscored the uniformity and high effi-
ciency of the adsorbent. Collectively, these findings had vali-
dated the potential of PANI-Ag nanocomposites as effective,
reliable, and environmentally friendly adsorbents for pharma-
ceutical pollutant removal. Although this study focused on
removal, the PANI-Ag nanocomposites may also have potential
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Fig. 18 The plot showing kinetics of pseudo-second-order for
removal of piracetam drug by PANI-Ag NCs; 50 ml, 0.8 g per L
adsorbent, at 65 °C, steering speed 1000 rpm and pH 7 for 180
minutes.
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for sustained drug release applications.®® However, the poten-
tial toxicity of silver nanoparticles within these composites
requires thorough evaluation, especially for environmental and
biomedical uses, highlighting the necessity for further toxico-
logical evaluation.

Conclusions

This study successfully synthesized PANI-Ag nanocomposites
via an unreported eco-friendly, plant-mediated method using
garlic extract, representing a novel approach for the adsorption
of Piracetam. Characterization techniques (UV-Vis, FTIR, DLS,
Zeta Potential, SEM-EDX, HRTEM, and XRD) confirmed their
stability and successful synthesis. The nanocomposites
demonstrated excellent adsorption efficiency for Piracetam,
making them promising candidates for drug removal applica-
tions. Additionally, their significant antioxidant activity high-
lights potential applications in environmental remediation and
biomedical fields. Future research should focus on optimizing
synthesis conditions to enhance their performance in large-
scale applications.
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