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The present paper describes the oxidative polymerization synthesis of fibrous polyaniline, which is
characterized by a number of analytical methods such as Raman analysis, Fourier-transform infrared
spectroscopy, scanning electron microscopy, X-ray diffraction, and diffuse reflectance spectroscopy. The
degradation of organic dyes (Aniline Blue, Crystal Violet, Rhodamine 6G, and Safranin) under exposure to
visible light was used to assess the photocatalytic activity of the polyaniline. The results showed
remarkable degradation efficiency, with 99.97% of Aniline Blue demineralized after 50 minutes. With a
rate constant of 4.32 x 1072 min™?, the degradation kinetics exhibited a pseudo-first-order model and were
noticeably higher than those of the other dyes that were examined. Polyaniline is a potential material for
wastewater treatment applications because of its strong photocatalytic activity and stability. This study
demonstrates polyaniline’s potential as a sustainable and effective photocatalyst for environmental
remediation, providing a workable alternative for the degradation of organic pollutants. The results point
to Polyaniline’s potential for useful implementation in a range of environmental remediation procedures.
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Introduction

Water contamination has become a major global issue as a result of fast industrialization, agricultural
growth, and rising household waste [1-3]. Toxic pollutants found in water bodies include heavy metal ions,
dyes, phenols, pesticides, and pharmaceutical residues, which have harmed both human health and
environmental ecosystems [4-6]. Conventional wastewater treatment procedures frequently fail to fully
remove these persistent organic pollutants [7-10]. As a result, advanced oxidation processes (AOP) [7-9]
have received attention for their ability to degrade such contaminants by producing reactive radicals
under a variety of light sources, including UV, visible, microwave, and solar irradiation. Among the many
AOPs, heterogeneous semiconductor photocatalysis has been extensively studied as a cost-effective and
environmentally benign solution to wastewater treatment [10,11].

Our research group previously reported various semiconductor photocatalysts, including TiO5 [12], & -
Feo03 [13],Zn0 [14,15], MoS2 [16], CdS [17], FeoO4 [18], and others, which offer high potential for organic
dye degradation, water splitting [19], and environmental cleanup. These materials were extensively
explored for their chemical stability, non-toxicity, and wide range of applications [20]. Despite these
advancements, semiconductor photocatalysts face challenges such as rapid electron-hole recombination,
which significantly reduces their photocatalytic efficiency [21]. To overcome these limitations of
traditional semiconductor photocatalysts, our group has turned to alternative materials, including
conducting polymers (CPs). These CPs provide high surface area, tunable optoelectronic properties, and
improved charge transport, making them useful in electronic devices like Light Emitting Diodes (LEDs),
transistors, solar cells, and so on. Recently, they have been applied in environmental remediation due to
their photocatalytic efficiency under visible light, aiding in pollutant degradation. Zujovic et al. optimized
the degree of polymerization through m-1* stacking [22], which boosts the charge migration and
photocatalytic performance.

Polyaniline is one of the most extensively studied conducting polymers due to its ease of synthesis,
environmental stability, and unique electronic properties [4,22-24]. Although polyaniline has been widely
applied in rechargeable batteries, organic field transistors [25], and polymer LEDs, its photocatalytic
potential has remained largely unexplored. This study explores the synthesis of polyaniline via oxidative
polymerization and characterizes it using various analytical techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), ultraviolet (UV)-
visible diffuse reflectance spectroscopy (DRS), Raman, and thermogravimetric analysis (TGA). These
analyses confirmed the successful formation of polyaniline. The synthesized material was extensively
used for photocatalytic activity for the degradation of organic dyes such as Aniline Blue, Crystal Violet,
Rhodamine 6G, and Safranin under visible light irradiation. The results showed that polyaniline achieved
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99.97% degradation of Aniline Blue within 50 minutes. The degradation followed a pseudo-first-order
kinetic model, with a rate constant of 4.32 x 1072 min™*, which is fivefold higher than safranin (0.19

x 1072). The enhanced photocatalytic activity of polyaniline was attributed to its -1r* transition
mechanism, which facilitates efficient electron transfer. We believe that the present study will open new
doors for polymer and polymer composite learners for various applications.

Materials And Methods

Chemicals used for the synthesis

Aniline (C¢H7N) (monomer), muriatic acid (HCI) (36%) (dopant and solvent), ammonium persulphate
(NH4)2S20g (APS) (oxidant), and absolute ethanol are used for washing; deionized (DI) water is used as

the solvent throughout the experiment; and Aniline Blue (AB), Crystal Violet (CV), Rhodamine 6G (Rh6G),
and Safranin (SF) model dyes are used. All chemicals were purchased from Qualigens Thermo Fisher
Scientific India Pvt. Ltd. The chemical reaction was carried out without further purification of chemicals.

Synthesis of polyaniline

Polyaniline is synthesized via chemical oxidative polymerization. Figure I represents a schematic
representation of the synthesis of polyaniline. The polymerization reaction occurs with a 1:1 molar ratio
of aniline as the monomer and APS as the oxidant [26]. In step one, aniline (1.8 mL) and APS (4.5 g) are
dissolved separately in a 1 M HCI solution with constant stirring for 1 hour. In the next step, the APS
solution was drop-cast into the aniline solution at 5°C, and the mixture was left to polymerize for about 2
hours with continuous stirring. At last, a dark green solid was obtained, which implies the successful
synthesis of polyaniline. The synthesized product was washed with DI water and ethanol and finally dried
in an oven at 80°C for 24 hours.
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FIGURE 1: Schematic representation of synthesis of polyaniline through
oxidative polymerization with aniline and ammonium persulphate in 1 M
muratic acid as dopant in 1:1 ratio at 5°C

APS, ammonium persulphate

Characterization

The synthesized polyaniline photocatalyst was comprehensively characterized using advanced analytical
techniques to elucidate its structural, optical, and morphological properties. XRD analysis was performed
on a Rigaku Ultima IV diffractometer equipped with Cu Ka radiation (A = 1.5406 A) to determine the
crystalline structure and phase purity of the material.
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FIGURE 2: The identification and confirmation of the periodic
arrangement of benzenoid and quinoid units with crystalline and semi-
crystalline nature of polyaniline through X-ray diffraction

The morphological features were examined using field-emission (FE) SEM (Quanta FEG
250). Furthermore, FTIR (Shimadzu IR-Affinity-1) was employed to identify the functional groups and
confirm the chemical structure of the synthesized polyaniline.
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FIGURE 3: The analysis of N-H, C-H, C-N, C=C, C=N functional groups
in polyaniline through FTIR spectra

FTIR, Fourier-transform infrared spectroscopy

UV-visible DRS was conducted using a Shimadzu UV-3600 spectrophotometer to assess the optical
absorption properties and identify the bandgap energy.
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FIGURE 4: (a) UV-vis absorption spectrum of polyaniline, (b) Tau plot for
estimated band gap (ahv)2 versus bandgap energy (Eg)

UV, ultraviolet

These characterization techniques collectively provided a detailed understanding of the material’s
physicochemical properties, facilitating the correlation between structure and photocatalytic
performance.

Results

The XRD pattern of polyaniline observed in Figure 2 shows a semi-crystalline structure, characterized by a
combination of broad amorphous halos and distinct crystalline peaks. The diffractogram shows a strong
peak in the 20 range of 5° to 30°, indicating good agreement in the polymer matrix. The crystallinity arises
from the periodic arrangement of benzenoid and quinoid units in the polyaniline backbone. The most
prominent diffraction peaks appear at 26 =~ 9.27° (001), 15.33° (020), 20.38° (200), and 25.41° (121),
corresponding to interplanar spacings of 4.366 A and 3.520 A, respectively [27,28]. The peak at 20.38° is
particularly significant, as it represents the inter-chain distance between benzene rings in adjacent
polyaniline chains, while the reflection at 25.41° is attributed to the parallel periodicity of polymer chains,
confirming a partially ordered structure.

Figure 3 explains that the FTIR spectrum of polyaniline exhibits characteristic vibrational modes
corresponding to its molecular structure (Table ), recorded at room temperature (27°C) from 4000 to 400
cm™t. An absorption band at 3429 cm™ is attributed to the N-H stretching vibration of amine groups,
while peaks at 2970 cm™ and 2883 cm™ arise from aromatic C-H stretching [24,29]. The quinoid ring
stretching vibrations appear at 1795 cm™, confirming the oxidized form, whereas the benzenoid ring
stretching is observed at 1560 cm™, indicative of the reduced structure. The C-N stretching vibration

at 1286 cm™ signifies protonation in the doped state, while the in-plane C-H bending at 1114

cm™ reflects the conducting polymer synthesis. Additionally, the 785 cm™ band corresponds to out-of-
plane C-H vibrations in a 1,4-disubstituted aromatic ring, confirming the para-linked polymer chain. The
coexistence of quinoid and benzenoid units verifies the successful synthesis of polyaniline.
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Frequency Range

(cm™) Functional Group/Structure Mode of Vibration Remarks
3429 N-H Stretching Amine group
. Stretching - —
2970, 2883 C-H (aromatic) ) ) Aromatic ring CH vibrations
(asymmetric/symmetric)
1795 C=N/ C=C (quinoid ring) Stretching Quinoid structure (oxidized form)
1560 C=C (benzenoid ring) Stretching Benzenoid structure (reduced form)
1494-1357 C—C (aromatic ring) Stretching Benzene ring backbone
1286 C-N (benzenoid/quinoid) Stretching Protonated amine (conducting state)
Protonated polyaniline (polaronic
1114 C—H (in-plane bending) Bending polyaniline (p :
structure)
1109-1041 Quinoid unit (N=Q=N) Deformation Conducting emeraldine salt form
C-H (aromatic, 1,4- i . .
785 Out-of-plane bending Para-substituted benzene ring

disubstituted)

TABLE 1: Characteristic FTIR absorption bands, corresponding functional groups/structures,
vibrational modes, and analytical remarks for polyaniline

FTIR, Fourier-transform infrared spectroscopy

Figure 4a shows the UV-visible absorption spectrum recorded between 200 and 800 nm, which reveals

three distinct absorption features. The first absorption band appears at 316 nm, corresponding to the Tr-1*

transition of benzenoid segments. Most notably, a prominent peak observed at approximately 490 nm is
attributed to the n-1r* transition between the Highest Occupied Molecular Orbital (HOMO) of benzenoid
rings and Lowest Unoccupied Molecular Orbital (LUMO) of quinoid rings, which is crucial for polyaniline
electrical conductivity [23,30].

Additionally, polyaniline shows a broad absorption above the 700 nm region, arising from the m-m*
polaron transition that indicates charge delocalization in quinoid units. These longer wavelength
absorptions (650-800 nm) signify charge-transfer excitations and polaron formation, which are essential
for polyaniline's conductive properties. The optical bandgap energy of polyaniline was investigated using
UV-visible DRS, which confirms the semiconductor behavior. The Kubelka-Munk method was employed to
analyze the diffuse reflectance, where the

Kubelka-Munk function, F(R), was derived from the reflectance (R) using the relation
F(R)=(1- R)*/2R

The bandgap energy was determined by plotting versus photon energy (hv), where a represents the
absorption coefficient. The plot of (ahv)? versus bandgap energy (Eg) was estimated by extrapolating the

linear portion of the curve to the energy axis. The analysis revealed a bandgap of 1.95 eV for the
polyaniline, as illustrated in Figure 4b, reported bandgap energies for polyaniline in its conductive form,
suggesting that the synthesized nanoparticles retain the intrinsic semiconducting properties of
polyaniline. The obtained bandgap indicates that nanoparticles are suitable for optoelectronic
engineering applications, including solar cells and organic semiconductors, highlighting their potential in
photoelectrochemical and photocatalytic applications.
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FIGURE 5: Raman spectrum for analysis of polymeric structure, C-H
bending vibrations, C-N*e stretching vibration of the polaronic structure
in polyaniline

The Raman spectrum of the synthesized polyaniline, presented in Figure 5, exhibits several characteristic
vibrational modes in the spectral range of 1000-1800 cm™, which confirms the polymeric structure. The
observed peaks at 1175 cm™ correspond to C-H bending vibrations in the benzenoid and quinoid rings,
which are fundamental structural units of polyaniline. A prominent peak appears at 1344 cm™, assigned to
the C-N*e stretching vibration of the polaronic structure.

Further analysis reveals two distinct bands at higher wavenumbers: the peak at 1408 cm™ represents C=N
stretching in quinoid units, while the 1594 ¢cm™ feature corresponds to C=C stretching vibrations in the
quinoid rings. These characteristic vibrational modes collectively confirm the presence of both benzenoid
and quinoid structures in the polyaniline, which facilitate the conductivity. The absence of extraneous
peaks in the spectrum indicates the high purity of the synthesized material, consistent with structural
characterization results from Energy-dispersive X-ray spectroscopy (EDS) and XRD analysis.
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FIGURE 6: Thermogravimetric analysis (TGA) of polyaniline
demonstrating thermal stability

TGA data presented in Figure 6 and the accompanying description show the thermal degradation behavior
of pure polyaniline. An initial weight loss of approximately 16% occurs at 235°C, attributed predominantly
to the evaporation of absorbed moisture within the polymer matrix. Subsequently, it undergoes extensive
thermal decomposition, culminating in a near-complete mass loss of 97-98% by 700°C. This significant
mass loss at high temperature indicates the inherent thermal stability of the pure polyaniline.
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Polyaniline

FIGURE 7: (a) Low magnification level Field Emission Scanning Electron
Microscopic (FESEM) analysis of polyaniline nanoparticles, (b and c)
higher magnification level FESEM image of polymeric linkage in
polyaniline. (d) Energy-dispersive X-ray spectroscopy (EDS) analysis of
the polyaniline shows the presence of carbon (C), Nitrogen (N), and
Hydrogen (H) with its elemental composition

Figure 7a to 7c explains the SEM analysis of the synthesized polyaniline nanoparticles, which provides
valuable information about their surface morphology and structural characteristics. The low-
magnification SEM image (Figure 7a) reveals a uniform distribution of nanoparticles across the surface,
indicating a controlled polymer synthesis process. Figure 7a insights highlight the polymeric linkage in
the synthesis. Figure 7b leads to an increase in the surface area, which enhances the number of active sites
available for catalytic reactions. Thus, the observed morphology of polyaniline nanoparticles directly
contributes to improved photocatalytic performance, especially in the degradation of organic dyes.

Sr. No. Element Weight% Atomic%
1 (¢ 64 73.3

2 N 15.4 15.1

3 H 71 6.1

TABLE 2: Elemental composition (Weight% and Atomic%) of polyaniline determined by energy-
dispersive X-ray spectroscopy (EDS) analysis

EDS analysis of the polyaniline shown in Figure 7d confirms the presence of key constituent elements,
including carbon (C), nitrogen (N), and hydrogen (H), with no detectable impurities. The quantitative EDS
results revealed the following elemental composition: 72.22% C, 12.30% N, and 15.78% H. These findings
are recorded in Table 2, which are consistent with the expected chemical structure of polyaniline, verifying
its successful synthesis. The absence of additional elemental peaks further confirms the purity of the
synthesized polyaniline nanoparticles, supporting their suitability for further functional applications. At
higher magnification, the SEM image shows that the nanoparticles are predominantly spherical in shape
and tend to agglomerate, forming clusters with an average particle size ranging from 20 to 30 nm (Figure
8), which is aligned with XRD analysis. Thus, the observed morphology of polyaniline nanoparticles
directly contributes to improved photocatalytic performance, especially in the degradation of organic
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FIGURE 8: Histogram analysis of particle size distribution

Discussion

The photocatalytic performance of polyaniline was evaluated using various dyes (Table 3), including
Aniline Blue (AB), Crystal Violet (CV), Rhodamine 6G (Rh6G), and Safranin (SF).

Physical Characters

Degradation
Dye Molecular Formula  Efficiency IUPAC Name Solubility Absorption
(%) Mwt Color (mgL-1)in  maxima
water (Amax)
9-[2-(Ethoxycarbonyl)phenyl]-N-ethyl-6- (ethylamino)-2,7-dimethyl-3H-xanthen-
Rhodamine C28H31N203CI 34.75 4 %103 530
3-iminium chloride 479.02 Red
6G
Crystal Blue
C25H30CIN3 80.69 Tris(4- (dimethylamino)phenyl)methylium chloride 4 %103 590
Violet 407.99 Violet
476 and
Safranin C20H19N +CI - 4 11.6 3,7-dimethyl-10-phenylphenazin-10- ium-2,8-diamine; chloride 1x103
350.85 Red 493
disodium 2-{[4-({4-[(2- sulfonatophenyl)amino]phenyl}({4-[(2-
Aniline
99.97 sulfonatophenyl)imino]cyclohexa-2,5- dien-1- 1 %103 595-610
Blue C32H25N3Na209S3 737.73

ylidene})methyl)phenyllamino}benzene- 1-sulfonate Blue

TABLE 3: Synthetic dyes with their key chemical properties (molecular formula, structure, and
IUPAC name) and physical characteristics, including molecular weight (Mwt), color, aqueous
solubility, and absorption maxima (Amax)

The experiments were conducted by dispersing 50 mg of polyaniline in 100 mL of dye solution (10 ppm)
under sunlight irradiation. Prior to light exposure, the mixture was stirred in the dark to establish
adsorption-desorption equilibrium, ensuring optimal dye adsorption onto the polyaniline surface. The
degradation process was monitored via UV-vis spectrophotometry, where the decrease in absorbance
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FIGURE 9: (a) Photocatalysis mechanism, (b) extent of decomposition of
the AB, CV, RH6G, and SF dyes with respect to time intervals over
polyaniline under natural sunlight irradiation (catalyst concentration: 0.5
mg/mL; initial concentration of dyes: 10ppm). (c) Comparison of the rate
constants of AB, CV, RH6G, and SF dyes in the presence of polyaniline
under natural sunlight irradiations (catalyst concentration: 0.5 mg/mL;
initial concentration of dyes: 10ppm). (d) Multiple recycle studies for the
dye degradation of AB, CV, RH6G, and SF dyes

AB, Aniline Blue; CV, Crystal Violet; RH6G, Rhodamine 6G; SF, Safranin

Figure 9a proposes the photocatalytic efficiency of polyaniline and the degradation mechanism
toward dyes, particularly AB dye. It absorbs sunlight, which promotes electrons (e”) from the HOMO to
the LUMO, leaving holes (h*) in the valence band [31,32]. The excited e” reacts with dissolved O to
form superoxide radicals (¢Oz"). The h* reacts with H,O/OH™ to produce hydroxyl radicals (OH"). The
generated ROS («O,". OH") attack the dye molecules and facilitate mineralization dye (CO», H20).

Figure 9 to 9¢ observed remarkable photocatalytic efficiency, particularly for AB, achieving 99.97%
degradation within 50 minutes, with a rate of 4.32 x 1072 min™'. In contrast, SF showed a lower
degradation efficiency with a rate constant of 0.19 x 1072 min™?, attributed to its structural stability.
Among the tested dyes (Figure /0a-d), the degradation rates are documented in Table 4, following the
order AB > CV > Rh6G > SF.
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Dye Rate of Degradation (min-1) Standard Error
Aniline Blue 432 %1072 0.0253
Crystal Violet 2.84 x 1072 0.0012
Rhodamine 6G 0.81 x 107 0.0007
Safranin 0.19 x 1072 0.0000

TABLE 4: Photocatalytic degradation rates and standard errors of various dyes mediated by
polyaniline under sunlight

The reusability potential of polyaniline for the photocatalytic degradation of AB, CV, Rh6G, and SF was
evaluated over three consecutive cycles, with the catalyst recovered via centrifugation, washed with DI
water, and dried after each use. Polyaniline exhibited excellent stability, maintaining high degradation
efficiency across cycles, as evidenced by the minimal decline in performance of dyes over three cycles
attributed to sustained reactive oxygen species (ROS) generation, particularly «OH radicals. Post-recycling
XRD analyses confirmed polyaniline’s structural integrity, as shown in Figure 11, with no significant
changes in crystal structure or functional groups, highlighting its robustness and suitability for repeated
use in dye degradation applications. Further optimization could enhance its efficiency, but the results
underscore polyaniline's potential as a reusable photocatalyst for wastewater treatment.

Conclusions

In a nutshell, fibrous polyaniline was effectively synthesized and described in this study, and it showed
impressive photocatalytic activity when exposed to visible light. The material may find use in wastewater
treatment due to its high degradation efficiency, especially for Aniline Blue. With 99.97% of Aniline Blue
destroyed after 50 minutes, the results showed remarkable degradation efficiency. With a rate constant of
4.32 x 1072 min"?, the degradation kinetics exhibited a pseudo-first-order model and were noticeably
higher than those of the other dyes that were examined. Mechanistic studies elucidated that visible light
excitation generates electron-hole pairs in polyaniline, which subsequently produce ROS, such as
superoxide anion radicals (¢O2") and hydroxyl radicals (¢OH). These ROS drive the mineralization of AB
into non-toxic byproducts. Recycling experiments highlighted polyaniline stability, retaining 98.5%
degradation efficiency after three consecutive cycles, affirming its potential for sustainable reuse. In
conclusion, we report the successful synthesis of environmentally stabilized polyaniline, which emerges
as a robust, recyclable photocatalyst with high efficacy for water purification. Future research should
explore polyaniline-based composites to further enhance performance and stability, advancing scalable
solutions for environmental remediation, energy storage (supercapacitors, batteries), sensors, corrosion-
resistant coatings, biomedical devices (drug delivery, tissue engineering), and environmental remediation
(adsorbents, EMI shielding). Their tunable conductivity, redox activity, and synergy with materials like
graphene or metal oxides enable innovations in sustainable technologies and smart systems.

Appendices
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