
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
5/

20
25

 7
:0

5:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Enhanced photo
aInstitute of Chemistry and Materials, Hano

com
bInstitute of Materials Science, Vietnam Aca

Vietnam
cInstitute of Engineering Physics, Hanoi, Vie
dGraduate University of Science and Techn

Technology, Hanoi, Vietnam
eSchool of Engineering Physics, Hanoi Unive

Hanoi, Vietnam

† These authors contributed equally.

Cite this: Nanoscale Adv., 2025, 7, 800

Received 27th August 2024
Accepted 5th December 2024

DOI: 10.1039/d4na00707g

rsc.li/nanoscale-advances

800 | Nanoscale Adv., 2025, 7, 800–
catalytic performance of
polyaniline nanoparticles for efficient dye
degradation under simulated sunlight

Chinh Van Tran,†a Duy Van Lai,†ab Thu Minh Nguyen,b Xuan Quynh Thi Le,b

Hanh Hong Nguyen, c Nguyet Thi Minh Quan,e Tung Thanh Nguyen bd

and Duong Duc La *a

This study investigates the effectiveness of polyaniline oxide (PANI) nanoparticles as photocatalysts for the

degradation of organic dyes under visible light irradiation. Known for their stability and adjustable

conductivity, PANI nanoparticles were synthesized via a hydrothermal method using P123 surfactants,

followed by calcination. The morphology, structural phase, and optical properties of the synthesized

PANI materials were analyzed using scanning electron microscopy (SEM), X-ray diffraction (XRD), energy-

dispersive X-ray spectroscopy (EDS), Raman spectroscopy, and Fourier transform infrared spectroscopy

(FTIR). Results indicated that the synthesized PANI nanoparticles agglomerated into spherical particles

with an average size of 70–80 nm. The photocatalytic properties of PANI materials were evaluated by

the decolorization of rhodamine B (RhB) and methylene blue (MB) under simulated sunlight irradiation.

The PANI photocatalyst was found to be highly effective in removing MB dye, achieving a removal

efficiency of approximately 97.09% with a rate constant of 2.08 × 10−2 min−1. In comparison, the

removal efficiency for RhB was about 58.01%. Additionally, the mechanism behind the photocatalytic

degradation of MB dye by PANI was investigated and discussed. The study highlights the photostability

and reproducibility of PANI nanoparticles through recycling experiments, contributing to the

development of sustainable photocatalytic materials for efficient water treatment.
Introduction

The relentless pursuit of economic advancement and techno-
logical progress during the Industrial Revolution has spawned
escalating environmental pollution and exacerbated the energy
crisis, compelling the imperative for a sustainable future
through the progression and enhancement of green and
renewable technologies.1 Industries, including dyeing, food,
leather production, electroplating, detonator manufacturing,
mining, and pharmaceuticals, discharge wastewater laden with
nonbiodegradable, highly toxic, and carcinogenic compounds,
such as rhodamine B (RhB), methyl orange (MO), methylene red
(MR), acid blue 25 (AB25), metanil yellow (MY), acid orange 7
(AO7) and methylene blue (MB), posing a substantial threat to
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807
both the environment and human health.2 Wastewater treat-
ment, recycling and reuse are effective solutions to address
water stress caused by increased consumption, economic
development and climate change. Untreated industrial waste-
water causes serious pollution, affecting human health and
ecosystems, requiring sustainable and technically feasible
technologies.3

Methods such as bio-oxidation, electrochemical oxidation,
advanced oxidation processes (AOPs), and physical and chem-
ical processes are used to remove organic pollutants from the
environment. Advanced Oxidation Processes (AOPs) are effi-
cient wastewater treatment methods that employ strong
oxidants like hydroxyl (cOH) and sulfate (SO4c

−) radicals to
break down complex organic pollutants, surpassing the limi-
tations of biological treatments. These processes, including
photolysis, ozone-based systems, Fenton reactions, and photo-
catalytic and electrochemical methods, produce reactive species
that effectively decompose resistant contaminants into non-
toxic byproducts such as CO2 and H2O without generating
secondary pollution.4 These systems utilize a diverse range of
materials, including polymers, metal oxides, metal suldes,
magnetic materials, carbon-based materials, and various
composites.5,6 Choosing semiconductor photocatalytic oxida-
tion with visible light for organic pollutant treatment is driven
© 2025 The Author(s). Published by the Royal Society of Chemistry
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by its advanced, eco-friendly nature, overcoming limitations of
traditional photocatalysts and enhancing efficacy in wastewater
remediation.7 Researching efficient and stable photocatalysts
with visible light responsiveness is a meaningful endeavor.
Conducting polymers, including polyaniline (PANI), poly-
thiophene and polypyrrole (PPy), have gained attention as
effective adsorbents for aqueous pollutant removal due to their
high surface area, tunable morphologies, functional groups,
and ease of regeneration.8,9 Among various adsorbents explored
for wastewater treatment, conducting polymers, particularly
polyaniline (PANI), have emerged as promising candidates due
to their unique combination of properties, including high
surface area, excellent conductivity, ease of synthesis, and
environmental sustainability.10

Polyaniline (PANI) stands out for its ease of synthesis using
low-cost monomers, making it a highly attractive material for
large-scale applications. Its electrochemical properties, partic-
ularly the reversible acid/base redox behavior, lend it high
pseudocapacitive performance, which can be effectively utilized
in environmental applications such as wastewater treatment
and adsorption of harmful contaminants. PANI's unique ability
to undergo chemical oxidation and reduction makes it an ideal
material for capturing a wide range of pollutants from water,
including dyes, heavy metals, and organic compounds. Its high
conductivity and electrochemical stability further enhance its
suitability for use in adsorption-based water purication
systems.11–13

The distinctive feature of PANI lies in its capacity to absorb
visible light, thereby undergoing a p/ p* electronic transition
from the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO), engendering
holes (h+) in HOMO. This process facilitates facile charge
separation, enabling efficient photocatalytic activity, particu-
larly in the degradation of organic dyes under visible light,
thereby underscoring the commendable suitability of various
PANI morphologies for environmentally signicant
applications.14

PANI nanostructures, with enhanced conductivity,
stability, and redox properties, show promise in energy-
storage devices, sensors, batteries, electrodes, capacitors,
molecular electronics, and catalysis.15,16 Studies have shown
that the properties of polyaniline (PANI), such as conductivity,
capacitance, catalytic ability, and gas sensitivity, are signi-
cantly inuenced by its shape and morphology.17 This rela-
tionship between structure and properties is crucial in
tailoring PANI for specic applications. For instance, the work
of Natalija German et al.18 demonstrates the synthesis of PANI
nanoparticles using glucose oxidase (GOx), highlighting the
importance of controlling the size and morphology to achieve
optimal electrochemical behavior. The detailed characteriza-
tion of these nanoparticles revealed that their properties could
be nely tuned by adjusting the synthesis conditions.
Furthermore, Min Seong Cho et al.19 explored the use of
different stabilizers, such as polyvinyl alcohol (PVA) and
polystyrene sulfonate (PSSA), to synthesize nano-sized PANI
particles. They found that PANI–PSSA composites exhibited
superior doping levels and conductivity compared to PANI-
© 2025 The Author(s). Published by the Royal Society of Chemistry
HCl/PVA, underlining the signicant role that morphology
and doping level play in enhancing the material's electronic
properties. Additionally, the study by Jingping Wang et al.20

reviewed various chemical methods for fabricating one-
dimensional nanostructured PANI, such as solid-state poly-
merization and microwave-assisted techniques. These
methods facilitated precise control over the morphology of the
material, thereby enabling the development of PANI-based
sensors, energy storage devices, and other electronic applica-
tions. Moreover, Raju Vivek et al.21 emphasized the biomedical
potential of PANI nanoparticles, noting that their size and
shape are critical for applications in biosensors, neural
probes, and cancer therapy. Similarly, Bakhshali Massoumi
et al.22 examined different synthesis techniques, including
emulsion and ultrasonic methods, which revealed how varia-
tions in solvent, electrolyte, and dopant choice can inuence
PANI's structure and conductivity. Collectively, these studies
underline the vital role of material morphology in deter-
mining the performance of PANI in a wide range of
applications.

Recent studies have demonstrated the potential of PANI
nanostructures in removing contaminants from simulated
wastewater. These nanostructures exhibit enhanced adsorption
properties, which are inuenced by their morphology, surface
area, and particle size. For example, research by Ayad et al.15

showed that acid-free synthesized PANI nanoparticles with an
average diameter of 20 ± 5 nm demonstrated signicantly
higher adsorption efficiency for methylene blue compared to
conventional PANI powder, with adsorption kinetics tting the
pseudo-second order model. This highlights the importance of
optimizing PANI synthesis methods to maximize the material's
adsorption potential. Moreover, controlling polymerization
parameters such as the APS/aniline ratio, temperature, and
reaction time can signicantly impact the surface area and
conductivity of the nal product, as demonstrated by S. Budi
et al.,16 who optimized PANI nanoparticles to achieve a surface
area of 42.14 m2 g−1.

Although polyaniline (PANI) has been extensively studied for
its effects on size and morphology for applications in energy
storage, sensors, batteries, and capacitors, specic studies on
pure PANI for high-performance photocatalysis remain limited,
especially regarding the role of morphology, surface area, and
particle size.16,23,24

In this study, PANI nanoparticle structures were successfully
synthesized using P123 surfactants via the hydrothermal
method, followed by calcination. Systematic analyses of crystal
structure, micromorphology, and optical properties were
undertaken to elucidate the enhanced photocatalytic perfor-
mance of PANI under visible light irradiation. Rhodamine B
(RhB) and methylene blue (MB) were selected to represent toxic,
non-biodegradable organic compounds. Superior photo-
catalytic degradation of MB was observed, achieving approxi-
mately 97.09% degradation in 150 minutes under simulated
sunlight, compared to about 58.01% for RhB. The photoactivity
and regenerability of pure PANI nanoparticles were assessed
through photocatalytic recycling experiments.
Nanoscale Adv., 2025, 7, 800–807 | 801
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Fig. 2 (a) XRD patterns, and (b) EDS analysis of the pure polyaniline
(PANI).

Fig. 3 Raman spectrum of pure PANI nanoparticles.
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Results and discussion
Charaterizations of PANI nanoparticle

The morphology and microstructure of the synthesized prod-
ucts were analyzed using SEM, with corresponding data pre-
sented in Fig. 1(a and b). The low-magnication SEM image
(Fig. 1(a)) reveals a uniform distribution of PANI nanoparticles.
Upon closer examination of the high-magnication SEM image
(Fig. 1(b)), it is evident that the synthesized PANI nanoparticles
agglomerate from spherical particles with an average size of 70–
80 nm. In the manufacturing process, the surfactant P123
served as a hard template, providing structural support for
uniformly sized nanoparticles. Small, regular nanoparticle sizes
are crucial for larger adsorption sites and enhanced photo-
catalytic performance with organic dyes. This enhancement is
attributed to the idea that nanoparticle agglomeration creates
a larger specic surface area.25

The X-ray diffraction (XRD) spectrum of pure polyaniline
(PANI) nanoparticles is presented in Fig. 2(a). The XRD pattern
of pristine PANI reveals a prominent broad hump spanning
from 10° to 35°. Additionally, a distinctive peak is observed at 2q
= 25°, corresponding to the (110) plane of PANI. The observa-
tions indicate that the emerald base form of polyaniline (PANI)
possesses an amorphous structure, as substantiated by the
distinctive peak at 2q = 25° in the X-ray diffraction (XRD)
pattern. This particular peak is attributed to the parallel and
perpendicular periodicity of PANI, signifying the amorphous
nature of the polymer structure. The presence of this peak in the
PANI sample has been corroborated by the Joint Committee on
Powder Diffraction Standards (JCPDS) reference code no. 47-
2481.26–28

EDS analysis of the puried polyaniline (PANI) particles,
shown in Fig. 2(c), conrms that the main elements present in
the sample are C, N, S, Cl, and O, with no impurities detected.
The estimated elemental compositions from the EDS analysis
were 72.22% for C, 11.64% for N, 0.26% for S, 0.20% for Cl, and
15.78% for O, verifying the formation of PANI.

Fig. 3 displays the Raman scattering line spectrum of the
pure PANI sample, revealing characteristic lines within the 1000
to 1800 cm−1 range. The scattering lines at 1180, 1240, 1354,
1470, and 1565 cm−1 correspond to specic molecular vibra-
tions in PANI.

The line at 1180 cm−1 signies benzenoid C–H bending in
the quinoid ring, while the 1240 cm−1 line represents C–N
stretching in delocalized polarons. At 1354 cm−1, the semi-
quinoid structure of PANI emeraldine salt is evident. The
Fig. 1 (a) Low-, (b) high-magnification SEM of the annealed pure
polyaniline (PANI).

802 | Nanoscale Adv., 2025, 7, 800–807
1470 cm−1 line indicates C–C stretching in the benzenoid, and
the 1565 cm−1 line reects C]N stretching in the quinoid ring.
Additionally, the 1470 and 1565 cm−1 lines are associated with
C–N+ stretching and C]C stretching vibration modes of the
quinoid ring.29

Fourier Transform Infrared Spectroscopy (FTIR) was
employed to ascertain the functional groups present in the
synthesized materials. In Fig. 4, the FTIR spectra of polyaniline
(PANI) are depicted. The pristine PANI, as illustrated in Fig. 4,
exhibits characteristic absorption bands at 3343 cm−1 (N–H
band stretching vibration), 1601 cm−1 (stretching vibration of
the quinoid ring), and 1504 cm−1 (stretching vibration of
benzene rings). The C–N stretching vibration mode in the
aromatic nitro-amine group (quinoid system) of doped poly-
aniline, detected at 1297 cm−1, indicates its oxidation or
protonation state. In-plane vibrations of C–H bending modes in
structures, such as N–H stretching, benzene ring vibrations,
quinoid ring vibrations, and C–N and C]N groups, are
observed at 1173 cm−1. This absorption band indicates the
Fig. 4 FT-IR spectra of pure PANI nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photoluminescence (PL) of standard pristine polyaniline
nanoparticles.
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polymerization of polyaniline (PANI), reecting the polar
structure of its conducting protonated form. The absorption
band at 820 cm−1 indicates out-of-plane C–H vibrations in a 1,4-
disubstituted aromatic ring.30,31

The optical properties of pristine polyaniline nanoparticles
were investigated by acquiring photoluminescence (PL) spectra
at room temperature. A 355 nm excitation wavelength was
employed within the wavelength range of 400–800 nm, as
illustrated in Fig. 5. In the PL spectrum, pristine polyaniline
nanoparticles were identied, demonstrating that the PL
intensity peaked at 466 nm. The maximum PL intensity
observed at this wavelength indicates efficient radiation
recombination within the nanoparticles.32

The UV-vis absorption spectrum of pure polyaniline (PANI)
nanoparticles, as depicted in Fig. 6(a), shows the primary
absorption band spanning from 500 to 800 nm. This absorption
band indicates the presence of various electronic transitions
within the PANI nanoparticles. The absorption spectrum of
PANI displays a weak band at 535 nm, attributed to the p–p*
transition from benzenoid to quinonoid rings.33

In the analysis, the optical bandgap energy of PANI nano-
particles was determined using ultraviolet-visible diffuse
reectance spectroscopy (DRS). The Kubelka–Munk method,
represented by the equation F(R)hn = D(hn − Eg)

n, where F(R) is
derived from the diffuse reectance R using F(R) = (1 − R)2/2R,
was employed. For PANI nanomaterial, which exhibits a direct
bandgap transition, the constant n is taken as 1/2. However, for
PANI nanoparticles, the same method can be applied to deter-
mine the bandgap energy.

The bandgap of the PANI nanoparticles was determined by
plotting (ahn)

1
2 versus hn, where a represents the absorption
Fig. 6 UV-vis spectra for pure PANI nanoparticles samples (a);
respective Tauc plots and estimated band gaps of the synthesized
materials (b).

© 2025 The Author(s). Published by the Royal Society of Chemistry
coefficient and hn the photon energy. From this plot, the
bandgap energy of PANI nanoparticles was estimated to be
1.36 eV, as shown in Fig. 6(b).

Photocatalytic efficacy of PANI

Research on the photocatalytic performance of pure polyaniline
(PANI) nanoparticles was conducted through photodegradation
experiments of Rhodamine B (RhB) and methylene blue (MB)
dyes under simulated sunlight irradiation (Fig. 7). Fig. 7(a)
illustrates the photocatalytic activity of pure PANI nanoparticles
towards RhB, where the intensity of the absorption peak at
553 nm wasmonitored to determine the RhB removal rate. Aer
210 minutes under visible light, pure PANI nanoparticles
exhibited a photocatalytic efficiency of 58.01% in removing
RhB. Fig. 7(b) demonstrates that pure PANI nanoparticles
effectively degraded 97.09% of MB aer 150 minutes of irradi-
ation under simulated sunlight. The absorbance of MB in
solution almost completely disappeared, indicating the high
photodegradation efficiency of PANI nanoparticles for MB. The
degradation rate of MB was calculated to be approximately 2.08
× 10−2 min−1.

The heightened photocatalytic efficacy of pure PANI nano-
particles in MB dye adsorption is attributed to efficient charge
separation and distinctive surface morphology. PANI's tunable
band gap energy, adsorption capacity, and redox properties
contribute to its exceptional performance in MB dye photo-
degradation, underscoring its potential for enhanced photo-
catalytic activity through agglomeration reduction.34,35

A comparative analysis of methylene blue (MB) photo-
degradation using various pure polyaniline (PANI) structures,
both alone and in combination with metals and other semi-
conducting metal oxides, is presented in Table 1. This table
highlights that pure PANI nanoparticles exhibit notable pho-
tocatalytic efficiency, particularly under visible light irradiation,
as observed in this and other studies.
Fig. 7 Effect of photocatalytic time on the removal efficiency of RhB
(a) and MB (b); (c) combined adsorption–photodegradation process;
and (d) kinetic study of photocatalysts under simulated sunlight irra-
diation using pure PANI material.

Nanoscale Adv., 2025, 7, 800–807 | 803
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Fig. 8 Recyclability of pure PANI nanoparticles photocatalyst for the
photodegradation of MB dye.
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Reusability and stability assessment of various photocatalysts

One of the important properties of photocatalysts used in
practice is their recyclability. In this study, the pure PANI
material, aer the photocatalytic reaction, could be easily
extracted from the solution and reused for multiple MB treat-
ment cycles through centrifugation and thorough washing. The
recyclability of the PANI photocatalyst for MB under simulated
sunlight irradiation is shown in Fig. 8. The removal efficiency
decreased from 97.10% in the rst cycle to about 85.61% in the
h cycle, indicating that the photocatalytic performance of the
composite only slightly declined aer ve cycles. The reduction
in removal efficiency by only 11.49% aer ve cycles demon-
strates that pure PANI nanoparticles can be considered
sustainable photocatalysts for the treatment of organic dyes in
practical applications.

Illuminating the photocatalytic mechanism

The photocatalytic degradation of methylene blue dye with
photoactive nanomaterials like polyaniline involves the
absorption of visible light, prompting the transition of electrons
from the valence band (HOMO) to the conduction band
(LUMO). This process induces oxidative and reductive reac-
tions, culminating in the mineralization of adsorbed dye
molecules into carbon dioxide (CO2) and water (H2O).39

Photocatalytic degradation mechanism of MB by PANI
nanoparticles under visible light illumination is depicted in
Fig. 9. This process involve in generation of electron–hole pairs,
and the subsequent separation of these charges is crucial.
Electrons in the conduction band react with oxygen to form
superoxide anion radicals O2c

−, preventing the recombination
of electron–hole pairs. Simultaneously, positively charged holes
induce the formation of hydroxyl radicals (OHc) from water and
react with oxygen to produce superoxide anion radicals (cO2

−) in
the surroundings. These highly reactive species collectively
contribute to the efficient degradation and decolorization of
MB dye.14,38,39

PANI + hn / PANI (hVB
+ + eCB

−)

h+ + H2O / OHc + H+
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Photocatalytic degradation mechanism of MB by PANI nano-
particles under visible light illumination.
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e− + O2 / O2c
−

O2c
− + H2O / H2O2 / 2OHc

MB dye + O2c
−/OHc / the decomposed colourless products
Fig. 10 Process for the hydrothermal synthesis of pure polyaniline
(PANI).
Conclusions

This study demonstrates the successful synthesis of polyaniline
(PANI) nanoparticles via a hydrothermal method using P123
surfactants, followed by calcination. The PANI nanoparticles,
characterized by SEM, XRD, EDS, Raman spectroscopy, and
FTIR, exhibited spherical morphology with an average size of
70–80 nm. The photocatalytic performance of the PANI nano-
particles was assessed through the degradation of rhodamine B
(RhB) and methylene blue (MB) under simulated sunlight. The
nanoparticles showed superior photocatalytic activity towards
MB, achieving a removal efficiency of 97.09% and a rate
constant of 2.08 × 10−2 min−1, in contrast to 58.01% removal
efficiency for RhB. This signicant difference highlights the
efficacy of PANI as a photocatalyst for MB degradation. The
mechanism of MB degradation by PANI was elucidated,
revealing that visible light irradiation generated electron–hole
pairs. These charge carriers produced reactive oxygen species,
including superoxide anion radicals and hydroxyl radicals,
which facilitated the mineralization of MB into non-toxic
byproducts. Recycling studies conrmed the stability and
reproducibility of the PANI nanoparticles, with a removal effi-
ciency of 85.61% aer ve degradation cycles, demonstrating
their potential for sustainable and repeated use. In conclusion,
PANI nanoparticles exhibit remarkable photocatalytic perfor-
mance, stability, and recyclability, underscoring their potential
for use in sustainable water treatment technologies. Further
investigation into PANI-based composites could advance the
development of high-performance photocatalytic systems for
environmental remediation.

Experimental section
Materials

The chemicals used in the study included poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) (P123,
$99.0%) and ammonium peroxodisulfate ((NH4)2S2O8,
$98.0%) supplied by Sigma-Aldrich (USA). Absolute ethanol
($99.8%, AR, 2.5L, CAS: 64-17-5) was obtained from Fisher
© 2025 The Author(s). Published by the Royal Society of Chemistry
Scientic (USA). Meanwhile, hydrochloric acid (HCl, 37%),
aniline (C6H5NH2) were imported from China. All chemicals
were of analytical grade and were used directly without puri-
cation. Deionized (DI) water was used as a solvent to dissolve
chemicals and remove impurities in the experimental
procedures.

Synthesis of PANI nanoparticles

Polyaniline nanoparticles were synthesized using a modied
hydrothermal method through chemical oxidative polymeriza-
tion. This approach, unlike the vapor phase method, does not
require high temperatures. Aniline, ammonium peroxydisulfate
((NH4)2S2O8), and hydrochloric acid (HCl) were used as
precursors, as detailed in our previous study.40 The protocol for
the synthesis of PANI materials is summarized in Fig. 10.

In the experimental procedure, 0.14 mmol of P123 surfactant
was added to 80 ml of deionized water in a beaker placed in an
ice bath, followed by vigorous stirring for 30 minutes. Subse-
quently, 0.3 ml of aniline monomer was introduced into the
solution with continuous stirring, maintaining a temperature
below 5 °C. Simultaneously, 5 ml of HCl acid was added to
adjust the pH to approximately ∼4, and the solution was stirred
for an additional 15 minutes. Following this, 5 mmol of APS was
added, resulting in a color change from dense white to a trans-
parent mixture, indicating the progression of aniline polymer-
ization. Aer thorough stirring within 30 minutes, the solution
was transferred to a Teon-lined stainless-steel autoclave,
sealed, and placed in an electric oven for hydrothermal growth
at 140 °C for 24 hours. The oven was then turned off, allowing it
to cool to room temperature. The product was subjected to
centrifugation, washed with deionized water and ethanol
separately, and subsequently dried at 60 °C for 2 days under
vacuum. The nal product underwent heat treatment at 350 °C
for 2 hours in an argon.

Characterization

The morphology of the synthesized materials was characterized
by Scanning ElectronMicroscopy (SEM, S-4800, Hitachi) with an
Energy-Dispersive X-ray Spectroscopy for elemental analysis. X-
ray Diffraction (XRD) was analyzed using an X-Pert Pro (Malvern
Panalytical Ltd) with a 1.5418 Å CuKa1 radiation source. Energy
dispersive X-ray spectroscopy (EDS, 7395H, Horiba) provided
elemental composition data. Raman spectra was studied using
Nanoscale Adv., 2025, 7, 800–807 | 805
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InVia confocal micro-Raman Spectroscope (Renishaw) with
green laser. Fourier transform infrared spectroscopy (FT/IR-
4600, JASCO, Japan) was measured by KBr pellet technique in
the range of 400–4000 cm−1. Photoluminescence (PL, iHR550,
Horiba) measurements were conducted at 25 °C using an exci-
tation wavelength of 355 nm to evaluate the optical properties.
The optical properties of the material were studied using solid-
state UV-vis spectroscopy (DRUV-vis, Jasco V-750) and liquid UV-
vis absorption spectroscopy (Shanghai Yoke Instrument Co.,
Ltd, China). Deionized water was used in the experiments.
Additionally, the photocatalytic activity of PANI nanoparticles in
decomposing RhB and MB dyes was analyzed using a UV-vis
spectrophotometer.

Photocatalytic experiment

The photocatalytic performance of the synthesized polyaniline
nanoparticle sample was evaluated for methylene blue (MB) and
Rhodamine B (RhB) decomposition under visible light. Experi-
ments were conducted in a black irradiation box equipped with
a 350 W air-cooled xenon lamp (China, 350 W). In the protocol,
20 mg of PANI material was introduced into two beakers, each
containing 20 ml of 10 ppm RhB andMB solutions, respectively.
To establish adsorption equilibrium, the mixtures were placed
in the dark for 2 hours. Aer this, the solutions were irradiated
with visible light using xenon lamps positioned 15 cm away. At
specic time intervals, approximately 3 ml of the solution was
withdrawn, centrifuged to remove the catalyst, and analyzed
using a UV-vis spectrophotometer. The real-time UV-vis
absorption spectra of RhB and MB, at wavelengths (lmax)
553 nm and 664 nm, respectively, were recorded to evaluate the
photocatalytic performance of the PANI material in removing
RhB and MB.
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