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Sustainability spotlight statement DOI: 101039/DESUO0STOA

Polyaniline (PANI)-based ternary photocatalysts signify a promising way for sustainable
wastewater treatment ascribed to their intrinsic property to cater visible-light, redox potential,
and interfacial structure enables pollutant degradation using low-energy irradiation. The
integration of conducting polymers with other semiconductor components offers a way to
lessen the compliance over UV driven source and enhance the energy efficiency. PANI-based
composites offer significant flexibility for greener synthesis strategies. Also, these composites
are stable and can be reused multiple times for wastewater treatment. By integration of proper
reactor design, toxicity assessment, reproducibility and performance evaluation, PANI-based
ternary composites can be scaled up for the wastewater treatment, helping to achieve sutainable

development goal (SDG) 6 aimed for clean water and sanitation.
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25  The widespread application of pharmaceuticals, pesticides, dyes, and industrial chemicals has
26  caused extensive contamination of water resources globally. Conventional wastewater
27  treatment processes have been found inefficient for the elimination of these contaminants,
28  resulting in their sustained accumulation. Among advanced oxidation processes (AOPs),
29  photocatalysis has garnered notable attention as an effective method for the degradation of
30  organic pollutants, attributed to its ability to achieve complete mineralization. However, the
31  degradation performance of conventional single and binary composites remains constricted by
32 rapid electron-hole recombination, limited light absorption ability, and material instability.
33  Recent research has been focused on the development of ternary composite systems
34  incorporating conducting polymers, which synergistically utilize the unique advantages of
35 organic and inorganic components to enhance photocatalytic efficiency. Particularly,
36  polyaniline (PANI) has emerged as a promising conducting polymer owing to its simple

37  synthesis, tunability, electrical conductivity, environmental stability, and efficient electron

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

38  transport properties. This review provides a comprehensive analysis of PANI synthesis,

39  properties, and its application in ternary composites. The PANI-based ternary composites have

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

40  been further evaluated for their synthetic routes, photocatalytic degradation mechanism,

(cc)

41  applicability, stability, and reusability, confirming their efficiency as a photocatalyst.
42 Additionally, key challenges and limitations are critically evaluated, and future research
43 directions are proposed to advance PANI-based ternary composites for sustainable wastewater

44  treatment.

45  Keywords: Polyaniline; Photocatalysis; Wastewater treatment; Ternary composites, Synthesis
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List of Abbreviations

[Ru(bipy);]** — Tris(bipyridine)ruthenium(Il)chloride,
AOPs — Advanced oxidation processes

APS — Ammonium persulfate

CB - Conduction Band

CECs — Contaminants of emerging concerns

CNTs — Carbon nanotubes

CR - Congo Red

CSA — Camphor sulfonic acid

ECP — Electrochemical polymerization

ECs — Emerging contaminants

EDCs — Endocrine disrupting chemicals

EDTA — Ethylene diamine tetra acetic acid

E;— Fermi level

E, — Band gap

EIS — Electrochemical impedance spectroscopy

EM — Emeraldine

EPs — Emerging pollutants

ESI-MS — Electrospray ionization mass spectrometry

GO — Graphene oxide

Page 4 of 103

View Article Online
DOI: 10.1039/D5SU00570A


https://www.sciencedirect.com/topics/chemistry/electrospray-ionization-mass-spectrometry
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00570a

Page 5 of 103

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

RSC Sustainability

HOMO - Highest occupied molecular orbital

HRP — Horseradish peroxidase

IEF — Internal electric field

LUMO - Lowest unoccupied molecular orbital

MB — Methylene blue

MO — Methyl orange

MPs — Micropollutants

MV?2* — Methylviologen

NA — Nigraniline

Nd:YAG — Neodymium doped yttrium aluminium garnet

NIR — Near-infrared

OP — Oxidation photocatalyst

PAHs — Polycyclic aromatic hydrocarbons

PANI — Polyaniline

PEDOT - Poly(3,4-cthylenedioxythiophene),

PET — Polyethylene terephthalate

PhACs — Pharmaceutically active compounds

PI — Polyimide

PNA — Pernigraniline

PPCPs — Pharmaceuticals and personal care products
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PS — Polystyrene

PSS — Polystyrene sulfonate

PVC — Polyvinyl chloride

rGO — Reduced graphene oxide

RhB — Rhodamine B

ROS — Reactive oxygen species

RP — Reduction photocatalyst

TrOCs — Trace organic compounds

UV — Ultraviolet

VB — Valence band
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109  Inrecent years, the widespread occurrence of organic pollutants in wastewater has become a
110  global issue, posing significant risks to both the environment and human health.!* These
111  substances are also referred to by different names, such as emerging contaminants (ECs),>8
112 emerging pollutants (EPs),” contaminants of emerging concerns (CECs),%!1? trace organic
113 compounds (TrOCs), and micropollutants (MPs).!! These contaminants, due to their extensive
114  use, are often found in environmental matrices and include a wide range of highly polar, acidic,
115  and alkaline substances like pharmaceuticals and personal care products (PPCPs),!2"14 dyes, >
116  pesticides,!¢ surfactants, phenolic compounds,'’-!° perfluorinated substances,?® and polycyclic
117  aromatic hydrocarbons (PAHs). 821-2* Moreover, some ECs are classified as endocrine-
118  disrupting chemicals (EDCs) due to their hydrophobic nature, which leads to accumulation in
119  the lipid-rich tissues of living organisms. These chemicals can disrupt endocrine systems and
120  also contribute to the development of antimicrobial resistance. EDCs have been linked to health

121  problems like endometriosis and cancers.®?3-25-28 Therefore, it is very crucial to treat the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

122 compounds from the wastewater to ensure the safety of human life and the environment.

123 Conventional methods like membrane filtration, ultrafiltration, activated carbon-based

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

124  adsorption, Fenton oxidation, advanced oxidation processes (AOPs), electrochemical

(cc)

125  oxidation, and ozonation have been reported to effectively remove organic pollutants from
126  water and wastewater.!9-29-33 However, the choice of the aforementioned conventional methods
127 s guided by several limitations. E.g., membrane filtration, ozonation, and activated carbon-
128  based adsorption being costly, energy-intensive, and less effective.?* In this perspective, AOPs
129  are considered one of the most promising techniques for removing the ECs from aqueous
130  matrices.>>38 Particularly, photocatalysis has emerged as a prominent treatment solution for
131  remediating various kinds of ECs from water and wastewater.3?%? The photocatalytic process
132 s initiated by exposing the photocatalyst to a light source such as ultraviolet (UV), visible,
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natural sunlight, or simulated sunlight produced through an artificial source. When the en¢tgy/
of the incoming photon is greater than the band gap (E,) of the photocatalyst, electrons (e°) in
the valence band (VB) get excited and jump to the conduction band (CB), thereby creating a
hole (h*) in the VB. These e/h" pairs are responsible for the formation of active radicals,
referred to as reactive oxygen species (ROS), which ultimately mineralize the contaminants to
form H,O and CO,**> However, pristine photocatalysts face certain limitations: (i)
recombination of photogenerated e/h™ pairs; (ii) limited utilization of incident light; and photo-
corrosion.® Reportedly, the aforementioned limitations can be overcome by elemental doping,
defect creation, and combining with the other semiconducting material through heterojunction
formation.**#° In recent years, research has shifted to synthesizing ternary composite
photocatalysts due to their inherent advantages and superior photocatalytic efficiency in
comparison to other improvement techniques.’® The composite material exhibits enhanced
light absorption capacity, improved charge separation, synergistic effect of individual

components, enhanced stability, and reusability.>!->2

In recent years, research has increasingly focused on employing conducting polymers to
enhance photocatalytic efficiency. These are the special types of polymers that can conduct
electricity like semiconductors or metals, and exhibit combined electrical and optical properties
of both organic materials and inorganic substances.>*=>3 This can be ascribed to the presence of
the alternate conjugated carbon chain comprising single and double bonds along the chain,
which accounts for its highly delocalized e within the molecule.33-**3¢ These delocalized e are
free to move across the chain, making the structure electron-rich and highly polarized.>* The
extended n-e” system in conducting polymers increases stability and charge carrier mobility.>’
Conducting polymers may exhibit either an amorphous or a crystalline nature. The presence of
n-bonds in their molecular structure gives them exceptional capabilities for charge transport

and light harvesting capability.’® The conducting polymers comprise PANIL>® polypyrrole,®°

Page 8 of 103
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158  Poly(3,4-ethylenedioxythiophene) (PEDOT),’! polythiophene,’? polyacetylene,% polyfurdii,> 52 on
159  polyparaphenylene.®> Among others, polyaniline (PANI) has attracted significant attention in
160  the field of photocatalysis owing to its distinct advantages such as ease of preparation,
161  remarkable stability, enhanced light absorption, and reduced charge carrier recombination. 66
162 % Furthermore, PANI possesses unique conjugation phenomenon, high absorption coefficient,
163  protonation reversibility, superior redox properties, resistance to photobleaching, ease of
164  structural modification and photocatalytic sensitivity. These multifaceted properties, along

165  with cleaner and sustainable processes, collectively compel future research and studies. ¢

166 To date, several review articles have examined PANI-based binary composites for
167  photocatalytic degradation. 772 Although binary systems have shown considerable potential,
168  they often suffer from inherent limitations, such as lower redox activity, reduced visible-light
169  response, and inefficient charge separation,® which eventually affect photocatalytic
170  performance. Consequently, recent research has gradually shifted toward ternary

171  nanocomposites, which integrate multiple functional components to overcome the limitations

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

172 associated with binary heterojunctions. For instance, Prasad et al. 73 reported g-C;Ny-based

173 ternary nanocomposites, highlighting their enhanced visible-light utilization and improved

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

174  charge carrier separation. With the same context, G.G. et al. 7 examined graphene-based

(cc)

175  ternary systems for the removal of both cationic and anionic pollutants, emphasizing
176  graphene’s role in facilitating electron transport. Likewise, Roopan and Khan *° presented a
177  comprehensive review of MoS,-based ternary composites for wastewater treatment via
178  photocatalytic degradation. In addition, Kanakaraju and Chandrasekaran 75 highlighted
179  TiOy/ZnS-based ternary nanocomposites, demonstrating their versatility across various

180  applications, including photocatalysis.

181  Over the past decade, PANI-based ternary composites have been increasingly explored for
182  photocatalytic applications, particularly in wastewater treatment. However, to the best of our

8
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knowledge, a state-of-the-art critical review dedicated specifically to PANI-based  tertidey 5o son

nanocomposites has not yet been reported. In this context, the present review systematically
examines PANI-based ternary composites, with a particular focus on heterojunction design,
charge transfer mechanisms, and photocatalytic performance in the removal of organic
pollutants. Additionally, issues related to stability, sustainability, and practical applicability are
thoroughly discussed. By consolidating dispersed studies into a unified framework, this review
highlights how ternary architectures effectively overcome the limitations of individual and

binary systems.

In this regard, this review first details the aspects of PANI chemistry, including its properties
and synthesis routes in the context of photocatalysis function. Further, it examines its
integration with inorganic, carbonaceous, and metal oxides for the construction of ternary
structures, highlighting the design principles, charge transfer, and pollutant-specific reactivity.
The review evaluates the photocatalytic performances, degradation pathways, stability, and
reusability in consideration of the sustainable approaches. Key challenges and literature gaps
have been identified, and future directions have been proposed for scalable wastewater

treatment technologies.

2. Structure and properties of PANI

PANI has a basic structural formula as [(-B-NH-B-NH-), (-B-N=Q=N-) 1], where B and Q
represent the C¢Hy rings in the benzenoid and quinonoid forms, respectively, connected by N
atoms in the backbone.’®77 PANI exists in various oxidation states, pernigraniline is fully
oxidized (PNA where y=0), leucoemeraldine is fully reduced (LM, y=1), emeraldine is half
oxidized state (EM, y=0.5) and the last form is nigraniline which is 75% oxidized (NA,
y=0.75)"6-7°, as displayed in Fig. 1. Among all oxidation states of PANI, EM base is most

widely used for application in photocatalysis due to its ability to convert itself as conductive

Page 10 of 103
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207  EM salt on doping with protonic acid. This form is very dissimilar from other existing states’;o-son
208  of PANI i.e., the leucoemeraldine state, which is a reduced state with only benzenoid rings,
209  and the pernigraniline state, which is entirely oxidized and has a quinoid ring as a repeating

210 unit.>*39-83 Various properties of PANI have been discussed below:
211  2.1. Magnetic properties

212 PANI has attracted considerable attention for its magnetic behaviour, as it exhibits high spin
213 density due to the doping of protonic acid (such as HCI, H,SO4_ or organic acids) during the
214 oxidation process.3%3488 Moreover, the protonic acid doping introduces radical cations
215  (polarons) into the PANI backbone, resulting in a substantial increase in paramagnetic
216  centers.?® The presence of these unpaired spins is responsible for the observed paramagnetic

217  behaviour in doped PANI.*
218  2.2. Redox properties

219  PANI exhibits exceptional redox properties, as demonstrated by its ability to reversibly

220  transition between various oxidation states through the acceptance or donation of electrons,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

221  which contributes to its diverse electrochemical applications.?® Reportedly, PANI maintains

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

222 strong electrochemical activity and reduction potential to account for its applications in energy

(cc)

223 storage devices.”! It is well established that the fast oxidation and reduction processes that occur
224 within the polymer structure in PANI increase the performance of energy storage devices as
225  indicated by its high capacitive response and superior energy storage ability compared to the

226  double-layered capacitors.?

227  2.3. Electrical properties

228  The electrical properties of PANI are due to its ability to conduct electricity in the EM salt
229  form.}” When an acid is introduced to the half-oxidized state of PANI, i.e., EM base form, it

230  protonates nitrogen in the imine group, which converts it into EM salt leading to conversion in

10
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231  conductive form.°>* The conductivity of PANI is closely linked to the formation,of ¢hatge; 25ox
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232 carriers during the doping process and the ability to transfer electrons.?*% The dopant (such as
233  HCI, H,SO,) remains chemically unbound with the PANI main structure and does not change
234 its chemical property, though it provides polymer chain vicinity to dopants facilitating charge
235  carrier transport.>>% The presence of protonic acid as a dopant in PANI during the oxidation
236  process enhances its conductivity owing to the enhanced charge carrier mobility along the
237  polymer chains.®’

238  2.4. Optical properties

239  The optical properties of PANI are used in determining its oxidation state and protonation
240  process.?” According to Huang and MacDiarmid, a blue shift is observed from 3.94 to 4.17 eV
241  during the conversion of leucoemeraldine from its base to salt form and ascribed to the e
242 excitation between the highest occupied molecular orbital (HOMO) and lowest unoccupied
243 molecular orbital (LUMO) levels with the absorption peak at 2.1 eV.”® PANI in the oxidized
244  state shows an absorption spectrum consisting of two peaks in the UV-vis range 3.8 eV (n-nt
245  transition) and 2.75 eV and one peak in the near-infrared (NIR) range 1.5eV.*® The EM salt
246  shows three characteristic absorption bands in its structure around 360 nm (r-rt transition),780
247  nm (= to polaron band), and 440 nm (polaron to r).!00-102

248  2.5. Anti-corrosive property

249  Corrosion is the chemical reaction that affects metal due to the environmental factors present
250  near its surroundings.?%193 In this regard, PANI is used as an anti-corrosive material due to its
251  ennobling effect on the metal surface and self-healing mechanism.!%195 Studies show that
252 PANI with a sulfate dopant layer is more effective in reducing corrosion than PANI with a
253  phosphate layer, as the phosphate counterion hinders the autocatalytic oxidation of aniline,
254 leading to reduced oxide formation on the electrode surface.®”-19 Materials such as nickel, and

11
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255  tungsten with PANI are being used for protecting steel and iron from corrosion employing the' 5250
256  self-healing property of PANI, protecting pinholes by releasing dopant anions leading to the

257  formation of secondary physical barrier.!07-109
258 3. Synthesis of PANI

259  PANI is regarded as a prominent electrically conducting polymer due to its ability to transition
260  easily between base and salt forms. This transformation can be achieved simply by adding base
261  and acid.}” PANI has unique properties such as excellent electrical conductivity, redox
262  behaviour, ease of preparation, adaptability for modifications, and environmental stability.
263 66110-112 Tt can be synthesized by different methods as described below with their respective

264  advantages and disadvantages mentioned in Table 1.

265  3.1. Vapor phase polymerization

266  Vapor phase polymerization comes under the self-assembly polymerization technique, and is
267  used for the preparation of very thin polymer films like PANI, polypyrrole, polythiophene, etc.

268  (Fig. 2a). This method produces polymers with high purity and superconductivity, at nano-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

269  scale levels.!"3 This method was used to deposit conductive PANI using polyacrylamide in

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

270 1998, by saturating it with ammonium peroxydisulfate; subsequently, casting this film on a

(cc)

271  glass plate, which underwent vacuum drying for 48 h at 50 °C; and subjected to HCI treatment,
272  followed by aniline vapor.!'* In general, it is a simple closed chamber setup where the oxidant
273 is applied through the solvent coating and then exposed to the coated surface to aniline
274  monomer vapor.''5 Kim et al. '3 reported the synthesis of PANI nanofilm by the vapor phase
275  deposition method on polymeric substrates like polyethylene terephthalate (PET), polyimide
276  (PI), polyvinyl chloride (PVC), and polystyrene (PS) which involved coating the substrates
277  with 10 wt.% oxidant solution (ferric chloride, camphor sulfonic acid (CSA), and Fe para-

278  toluenesulfonate in methyl alcohol) through dip or spin coating. Thereafter, dry-coated films

12
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279  were exposed to aniline vapor in a reaction chamber under a controlled temperatyre BetWegh 52 on
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280 50 to 80 °C for 5 to 60 min. Finally, the films were washed with methanol to remove the
281  unreacted substances and dried at 80° C. In addition to this study, Gao et al.!'® also used this
282  method to synthesize PANI by placing aniline monomer and a mixture of HCl and ammonium
283  persulfate (APS) in a sealed glass container comprising a plastic membrane with few holes
284  (dia. = 0.1 cm) to reduce the polymerization rate. This membrane regulates the contact and
285  reaction of the reactant vapors ensuring a slower polymerization process. The vapor phase
286  polymerization method has successfully been used to prepare the crystalline PANI with
287  dendritic structures.!!®

288  3.2. Photoinduced polymerization

289  This photochemical polymerization method is used for the synthesis of conducting PANI or its
290  derivatives in different studies.!!3117-118 Also, some studies have used different ranges of light
291  for synthesis. For instance, Gizdavic-Nikolaidis et al.''® used microwave radiation, and Felix
292  etal.!? utilized X-ray irradiation (Fig. 2b). Ishioka et al. synthesized PANI using neodymium-
293  doped yttrium aluminum garnet (Nd:YAG) laser to irradiate on Au electrode in a solution
294  containing aniline under an applied external bias.!!%121 PANI could be synthesized through the
295  photo-polymerization process using single or bi-layer films containing [Ru(bipy);]*" as a
296  primer and methylviologen (MV?") as an oxidizer. These components worked together to
297  facilitate the controlled polymerization of aniline. When irradiated with visible light at a
298  wavelength of 452 nm, [Ru(bipy);]** transitioned into a highly reactive triple excited state
299  *[Ru(bipy)s;]*". This state enabled the e transfer between *[Ru(bipy);]*" and MV?*, thus
300  producing [Ru(bipy);]**, which is a powerful oxidizing agent that plays a crucial role in
301  oxidizing aniline molecules, ultimately leading to their polymerization into PANI.37-118:122 The
302  synthesized PANI got deposited on the single or bi-layer films, making it ideal for application
303  in electronics, which require thin and conducting film polymer layers.8” This method also leads

13
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304  to the formation of composite materials where the formation of nanowires and migrowires of' 5 250
305  silver takes place.''® The morphology of the obtained polymer majorly dependent on the
306  wavelength of the light source such as a globular structure is obtained on UV light irradiation

307  and a fibrillar structure on visible light irradiation.!!?

308  3.3. Chemical polymerization

309 The chemical polymerization process is extensively utilized due to its simplicity, cost-
310  effectiveness, and ease compared to other methods for synthesizing PANI.3 This method
311  undergoes chemical oxidation which involves the combination of a monomer, an oxidizing
312  agent, and an acid under ambient conditions® (Fig. 2¢). The commonly used oxidizing agents
313  include APS,!?3-127 ceric nitrate, cerium (IV) sulfate,!?®1?° sodium vandate, hydrogen
314  peroxide,'3? potassium iodate,!3!-132 potassium dichromate,!33:134 etc. Oxidative polymerization
315  is conducted in an acidic medium (pH<3) for dissolving aniline, initiating polymerization, and
316 minimizing the unwanted by-product such that it gives polymer with strong conductivity.!'3>

317  The temperature of the solution affects the outcome and is maintained between 0 and 4 °C, as

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

318 it influences the conductivity and viscosity of the resulting PANI.'3¢ The quantity of oxidant

319  also impacts the polymerization as it can degrade the polymer if the quantity is kept high. Also,
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320 ammonium and alkaline salts may be used sometimes as buffers as they influence the quality,

(cc)

321  yield, and conductivity of PANI.>® The chemical polymerization of aniline using an oxidant in
322 an acidic solution is nearly similar to that of the electrochemical polymerization of aniline in
323  terms of reaction kinetics.'3” The initial step of the reaction involves APS capturing the e from
324  the nitrogen atom of the aniline to form an aniline radical cation.®¢ Polymerization starts with
325  the proton elimination from aniline monomer by oxidant, leading to formation of its radical
326  cation. Further, the nitrogen radical cation adds up at the para position of another aniline
327  molecule, forms a bond, and then promotes the continuous growth of polymer chains. The para

328  position discussed is the primary pathway; however, in certain instances, reactions may take
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329  place at the ortho position. This can lead to structural irregularities or distortions in the resulfiiig’; 250

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

330  PANI, ultimately affecting the uniformity and properties of the polymer.'3® Dan and
331  Sengupta'®® suggested that the reaction yield and intrinsic viscosity of the polymer are
332  influenced by the synthesis parameters. Erdem et al.'4? examined the effects of different acids
333  and oxidants on the polymerization of PANI. The yield and conductivity of PANI were
334  observed to follow the descending order: oxalic acid > malonic acid > succinic acid > glutaric
335 acid > adipic acid > phthalic acid. Blinova et al.!*! examined the chemical oxidative
336  polymerization by varying the oxidant (APS) to monomer (aniline) molar ratio in an acidic
337  medium (HCI). The polymerization yield showed an increase with the molar ratio of oxidant
338  to monomer ranging from 0.2 to 1.5.%6

339  3.4. Enzyme-catalyzed polymerization

340  Enzyme catalyzed method is environment-friendly and uses oxidoreductase catalytic enzymes
341  like horseradish peroxidase (HRP), soybean peroxidase, bilirubin oxidase, laccase, and
342 glucose oxidase. These enzymes facilitate the oxidation of aromatic amines and phenols during
343  polymer synthesis, with oxidants like peroxide, which ultimately transforms into water (Fig.
344  2d).'4>14 To address issues related to branched polymers, Samuelson et al.,'#> used various
345  electrolytes, including polystyrene sulfonate (PSS) as templates in the HRP for the catalyzed
346  PANI with regular polymeric chains. The polymerization process takes place in an acidic
347  medium at pH 4 to form the water-soluble PANIL !4 It may be noted that PSS has a definite
348 role in the synthetic process: it acts as a template that aligns aniline monomers during
349  polymerization, facilitating para-directed, head-to-tail coupling of the aniline units.®’ In
350  addition, PSS acts as a dopant in activating PANI to form electrically conductive EM salt as
351  well as imparts the water solubility of the product. This polyanion-assisted polymerization
352 allows the enzymatic synthesis for the water-soluble complex of conducting PANI with a well-
353  defined structure at pH of 4.3.146-148 But the higher degree of complexity between PANI and
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354  the polyanion makes it difficult to obtain bulk PANI required for specific purposes, sugh asithe’;o son
355 formation of free-standing films and fibers.'4¢ This approach is straightforward and
356  environmentally sustainable, involving a one-step polymerization process under mild

357  conditions that necessitate minimal or no additional purification.!#?

358  Enzyme-catalyzed polymerization also utilizes surfactant micelle templates to guide polymer
359  chain growth by creating an acidic environment (low pH) and preventing unnecessary
360  branching.!#>1%° The dry-spinning technique in enzyme-catalyzed polymerization enhances the
361  processability of enzymatically synthesized PANI, producing fibers with improved tensile
362  strength, conductivity, and crystallinity due to chain alignment.!>® In addition, enzyme
363  immobilization on PANI nanotubes enhances electrocatalytic performance, with smaller
364  nanotubes approximately 100 nm showing the highest catalytic currents due to greater surface

365  area and conductivity.'>!

366  3.5. Electrochemical polymerization (ECP)

367 The ECP method is mainly employed in the preparation of pure PANI with thin film

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

368  morphology (Fig. 2e). The nanostructured PANI having thin film morphology provides a high

369  specific surface area making it suitable for various applications. The ECP reaction offers a
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370  better way to polymerize, allowing precise control over the beginning and last steps of the
371  process. Electrochemical reactions are usually cleaner, and the PANI that results is purer
372 ascribed to the electrochemical polymerization which does not involve the addition of any
373  oxidant, surfactant, or other additional chemical.''®%!52 This method for preparing PANI
374  involves the following steps: formation of positive free radical of aniline monomers by the
375  oxidation at the anode; the formation of the dimers through the process of removing protons;
376  rearranging e in the aromatic rings; growth of dimers and formation of the new structure; and

377  spontaneous activation of polymeric chain formed by acid present in solution.80-87.138
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378  The ECP method is typically employed for polymerization using three main ways thatinclude; 2 ox
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379  galvanostatic, potentiostatic, and potential cycling or potentiodynamic means.”®!33-15¢ In the
380  first method, a 2-electrode setup is immersed in an electrolyte containing monomer, and a
381  specific current is applied to form a PANI film on a Pt foil electrode.!'%!37 The controlled flow
382  of current ensures stable and precise deposition of polymers.’®-15 In the potentiostatic method,
383  the current is varied, but the potential of the electrodes is kept controlled. This process forms
384  polymer powder that weakly adheres to the electrode.!3®15° When aniline undergoes electro-
385  oxidation through continuous cycling between the decided potential, it leads to the formation
386  ofa smooth and adhering polymeric film on the electrode surface. The characteristics of PANI
387  film can be adjusted accordingly in terms of conductivity by oxidation or reduction.'%16! In
388  the potentiodynamic method, the potential is kept cycling between the minimum and maximum
389  potential limit in the cycle. This facilitates the layer formation of polymer, and also the previous
390 layer gets activated before the next layer gets deposited.!6>-1%* The amount of deposition in the
391  potentiodynamic method depends on the sweep rate, the quantity of deposition in each sweep
392  decreases with an increase in its rate. Moreover, the porosity of the so-formed PANI increases
393  with an increase in sweep rates.!%? In addition to it, there is a continuous polymerization process
394  that occurs in galvanostatic and potentiostatic, but this growth process gets interrupted between
395 the two successive sweep cycles in the case of the potentiodynamic method. It may be
396  mentioned that electrochemical deposition is a rapid, easy, and clean method resulting in the
397  formation of highly conductive in nature.!!!

398 4. Components to be integrated to form PANI-based composites

399  PANI is characterized by its unique structure containing amine and imine groups, which
400  contribute to its electrical and chemical properties. These combined characteristics make PANI
401  a multifaceted material for many applications, especially in photocatalysis. PANI acts as an
402  efficient e* donor and transporter of photogenerated h* in the presence of visible light, which
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403  enhances photocatalytic efficiency, owing to rapid charge carrier migration.'®>-168 It exhibits;5250x
404  excellent chemical stability and functions across a wide pH range, maintaining both
405  performance and structural integrity under acidic and basic conditions.!%° Various PANI-based
406  composites have been synthesized to leverage the aforementioned merits. In addition, PANI
407  nanocomposites are synthesized by combining PANI with other components such as metal
408  oxide, metal ferrites, metal sulfites, metal halides, carbonaceous compounds, organic,

409  inorganic, metalloids, etc.!70-174
410  4.1. Metal oxides

411  Metal oxides have been widely used as photocatalysts due to their unique properties, making
412 them highly suitable for environmental remediation and energy conversion applications.!75-181
413  Their high surface area, nanoparticle size, and unique physical and chemical characteristics
414  enhance their capacity to adsorb and degrade toxic contaminants.!’!82 In this regard, several
415  metal oxides, such as TiO,, ZnO, ZrO,, Fe,0;, y-Fe;0,, Sn0,, Mn,0;, WO,, CeO,, CuO, and

416  NiO have been widely used in the area of environmental remediation.'83184 Despite their good

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

417  light-harvesting capabilities, metal oxides face several limitations, including a wide bandgap

418  that restricts absorption to the UV region, high e/h* recombination rates that reduce
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419  photocatalytic efficiency, and susceptibility to photocorrosion, which compromises stability

(cc)

420  and reusability.!85-1° Further, to overcome these shortcomings, metal oxides have been
421  integrated with PANL!'-1% Such composites of PANI with metal oxides reduce their optical
422 E, and shift the absorption peak from UV to the visible region. This consequently leads to the
423  enhanced photocatalytic property of metal oxide/PANI composite attributed to leveraging the
424  e/h* separation and photosensitization property of PANI, influencing the contaminant
425  degradation efficiency.!®319%19 Additionally, PANI adsorbs negatively charged organic and
426  inorganic dyes due to the protonation of its imine group, hence possessing a positive surface
427  charge. Such electrostatic interaction results in strong and stable adsorptive removal of

18


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00570a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

(cc)

RSC Sustainability Page 20 of 103

icle Online

428  dye.!”!97 PANI/magnetic oxide composite was synthesized for the degradation of methylene; 2 ox
429  blue (MB) dye, achieving a photocatalytic efficiency of 99%. This high performance is
430  attributed to the uniform dispersion of iron oxide nanoparticles within the PANI matrix and on
431  its surface, resulting in a synergistic interaction between the iron oxide and PANI phases.!'??
432 PANI/Sn;04 composite was prepared for the removal of Rhodamine B (RhB) dye, achieving a
433  removal efficiency of approximately 97%. The composite exhibited 2.27 times higher
434  photocatalytic activity under visible light compared to pure Sn;04.!° A TPU/TiO,/PANI
435  membrane was synthesized for the photodegradation of Congo Red (CR) dye and the reduction
436  of Cr(VI), achieving efficiencies of 99.7% in 30 min and 99% in 25 min, respectively, under
437  visible light. These values were 2.1 and 3 times higher than those obtained with the TPU/Ti0,

438  membrane.2%
439  4.2. Metal sulfides

440  Metal sulfides have gained prominence as photocatalysts due to their ease of synthesis, low
441  cost, efficient charge separation, and narrow E,, which enable effective visible light utilization
442  and strong reducibility, supporting redox reactions beneficial for environmental
443  remediation.??'-29 In recent years, various metal sulfides include CuS,?%42% ZnS 210 CdS,?!1-
444 219 NiS, 2% MoS, 2217224 [n,S;2%5227 ZnlIn,S, 2822 Zn,Cd;,S*° etc., have been used as
445  photocatalysts. Despite their many advantages, metal sulfides face several challenges in
446  photocatalysis, including low stability, high charge-carrier recombination rates, limited light
447  absorption intensity, and susceptibility to photocorrosion.?01-213:214.231-233 I this context, metal
448  sulfides can be combined with PANI to overcome the aforementioned merits and demerits, thus
449  enhancing photocatalytic efficiency.??* Ag-doped ZnO-ZnS/PANI composite is synthesized for
450  the degradation of persistent organic pollutant MB dye. The incorporation of PANI into Ag-
451  doped ZnO-ZnS enhanced the photocatalytic degradation efficiency from 72% to 95% under
452 UV light. This improvement is attributed to strong interfacial coupling, which facilitated
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453 efficient electron transfer from PANI to Ag via the ZnO-ZnS matrix, leading to the geperafioh’; 250
454  of superoxide (*O,’) and hydroxyl (*OH) radicals.?®> ZnS/CdS/PANI has been prepared for
455  the removal of anionic and cationic dyes in which after the addition of PANI the degradation
456  rate of RhB increases from 81.1% to 96.5%. It is suggested that the sensitization of ZnS/CdS
457  with PANI decreases the recombination of photogenerated carriers, increases the specific

458  surface area, and efficiency of electron-hole pair separation.!”?
459  4.3. Metal ferrites

460  Metal Ferrites are compounds composed of magnetic material having iron oxide combined with
461  metals Mn, Ni, Zn, Cu, La, etc., exhibiting magnetic properties, chemical stability, and
462  photocatalytic efficiency, which are helpful in environmental remediation. Metal Ferrites are
463  extensively applied for the reduction of heavy metals, and adsorption of CO,. 234238 The
464  properties of ferrite are mainly influenced by nature, site, and the amount of metal added to the
465  structure.??® The addition of cations like Mg?*,240 Zn?* 24! and AI>* 22 improves the stability of

466  ferrites.?3 Along with it, the addition of transition metals like Ni%*, Cu?*,242 Min?*, 243 and Co**

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

467 2% in the spinel lattice significantly alters their redox properties and also the moment of

468  nanoparticles affecting magnetic properties.?3%?4> These ferrites exhibit excellent adsorptive

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

469  capacity in wastewater treatment, degradation of dyes, pharmaceuticals, and other
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470  contaminants because of their ability to absorb light and exhibit photocatalysis.?**24° Despite
471  their advantages, metal ferrite has a high recombination rate of e/h* pairs, which decreases
472  efficiency.?*” Also, some metal ferrites have low surface areas that affect the active sites
473  facilitating photocatalysis.?30252 Ag/CoFe,04/PANI synthesized by Mosali et al.>5? for removal
474  of MB dye and the proposed mechanism of photocatalysis states that PANI played a crucial
475  role in absorbing the visible light and generating electrons to be transferred from HOMO to
476  LUMO level, and facilitated for the transfer of e to CB of CoFe,04 which enhanced overall
477  photocatalytic efficiency. Additionally, methyl orange (MO) and RhB are removed in a study
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479  to the property of PANI to donate e and accept h™ after the irradiation of light, enhancing
480  charge separation efficiency.

481  4.4. Carbonaceous materials

482  Conventional carbonaceous materials such as graphene, graphite, activated carbon, fullerenes,
483  carbon nanotubes, carbon black, and graphitized materials have long been used in the field of
484  heterogeneous catalysis. Their unique properties, such as high surface area and versatility,
485  enable them to function both as direct catalysts and as support materials.?>>>¢ Graphene
486  consists of a single layer of carbon atoms arranged in a hexagonal or 2D honeycomb
487  structure.?’>38 When graphene layers are rolled in cylindrical shapes at specific angles, it leads
488  to the formation of carbon nanotubes (CNTs). CNTs possess a remarkably high surface-to-
489  volume ratio and demonstrate outstanding thermal, electrical, and mechanical properties,
490  which are influenced by the angle of graphene rolling and the cylinder’s diameter.3%-2¢0
491  Graphene-based materials such as graphene oxide (GO) and reduced graphene oxide (rGO)
492  have been widely studied for wastewater treatment.?6!-262 This material possesses high surface
493  area, tunable pore size, good conductivity, and excellent surface chemistry enabling them to be
494  effective in the adsorption and photodegradation of pollutants like dyes,?0-26* PPCPs,2% heavy
495  metals,?%® phenols,?67-2%8 and pesticides.?*® The unique chemical and physiochemical properties
496  of GO and rGO resulting from the functional groups, like epoxy, hydroxyl, carboxyl, and
497  carbonyl groups, provide better adsorption efficiency in the removal of water pollutants.?70-27!
498  Despite their merits, carbonaceous materials also face several challenges, including limited
499  affinity for anionic dyes and heavy metals, slow and inefficient material recovery, and reduced
500 adsorption efficiency due to the aggregation of GO sheets.?’> Several studies have shown
501  enhanced photocatalytic properties by combining CNTs, GO, and rGO with PANI. According
502  to the literature, a ZnO/rGO composite achieved 87% degradation efficiency of MB dye in 130
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503  min under UV light. In comparison, a ZnO/rGO/PANI ternary nanocomposite exhibited- 9% 0 r0n
504 efficiency in the removal of MO within just 60 min under UV irradiation.?’*> This phenomenon
505  is linked to PANI, which improves light absorption and increases the material’s surface area,
506  while rGO significantly boosts the transfer of photogenerated charge carriers. PANI/RGO
507  demonstrated significantly enhanced photodegradation capabilities compared to the individual
508  materials, achieving over 98% removal efficiency for both cationic and anionic dyes such as
509  malachite green, RhB, and Congo red. Additionally, it reduced Cr(VI) by 94.7% within just 15
510 min.?"* Ag;PO,@MWCNTs@PANI showed excellent photocatalytic activity under visible
511  light, degraded phenol and p-nitrophenol with 100% efficiency for both within 20 min which
512 is21.9 and 10 times higher than bare Ag;PO, respectively where PANI acted as h* transporting
513  material with low recombination and fast charge separation and MWOCNT served as

514  photogenerated charge electrodes.?”>
515 5. Synthesis of PANI-based ternary photocatalyst

516  5.1. Chemical precipitation method

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

517  Inthis method of composite preparation, a pre-synthesized binary composite comprising PANI
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518 as one of its components follows the incorporation of the third component via the chemical
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519  precipitation method. Moreover, this method is facile, cost-effective, and can be carried out in
520 mild conditions. For example, Selvin et al.?’® reported the synthesis of ZnO/Activated
521  Charcoal/PANI nanocomposite through this method. Over the 0.05 g of pre-synthesized
522 Activated Charcoal/PANI binary composition, 0.1 M zinc acetate dihydrate was added and
523  stirred at 70°C, followed by the addition of 0.2 M NaOH to fabricate the ternary composite
524  (ZnO/Activated Charcoal/PANI). Similarly, Hu/PANI@N1,0; was synthesized by adding an
525  aqueous solution of nickel (II) nitrate hexahydrate to a previously prepared 8% (w/v) Hu/PANI

526  suspension. Subsequently, an alkaline hypochlorite solution was gradually added, and the
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527  mixture was stirred vigorously for 2 h at room temperature. This led to the precipitationOf:d ;o2 o

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

528  solid, which was then collected, thoroughly washed, and dried in a hot air oven. The final
529  product was referred to as Hu/PANI@Ni,O3 (Fig. 3a). 2’2 In another study, Qing et al.?’8
530 reported the encapsulation of PANI fibers by B-cyclodextrin (B-CD@PANI), effectively
531 inhibits the recombination of photoinduced charge carriers. To further enhance the
532 photocatalytic performance, BiOBr was introduced into the as-synthesized binary composite
533  to form C-PANI/BiOBr, thereby extending its light absorption capability compared to bare
534  BiOBr. The ternary composite was prepared by first adding 4.5 mL of acetic acid to a bismuth
535  (III) nitrate pentahydrate solution, followed by stirring for 2 h. Subsequently, KBr and sodium
536  acetate (CH3;COONa) were added, resulting in a solution having pH of 2.8. Interestingly, at
537  this pH, the two components carried opposite charges: C-PANI exhibited a +13.9 eV, while
538  BIiOBr showed -6.2 eV. Based on this electrostatic potential difference, the final solution was
539  maintained at room temperature for 12 h to facilitate electrostatic interaction. The resulting
540  product was then separated, washed, and dried at 60 °C to obtain the desired C-PANI/BiOBr
541  (Fig. 3b).

542 5.2. In-situ polymerization

543  Unlike the chemical precipitation method, in-situ polymerization involves the addition of an
544  as-synthesized binary composite (excluding PANI) during the fabrication of a PANI-based
545  ternary photocatalyst. Particularly, the binary composite is added to an acidic solution
546  containing an aniline monomer, followed by the systematic addition of an oxidant, such as
547  APS, to initiate polymerization under continuous stirring. The in-situ polymerization process
548 involves the polymerization of pure monomer molecules over the selected pre-synthesized
549  nanomaterial.%¢ For instance, while preparing PANI by adding equimolar amounts of aniline
550  and HCI, Shankar et al.>” introduced finely ground rGO and carbon-doped porous ZnO (C-
551  ZnO) into the mixture and stirred it for 30 min. The resulting suspension was then transferred
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552 toanice bath, followed by the dropwise addition of 1 M APS under continuous stigring, which ;5250
553  produced a magenta color. The subsequent appearance of a green complex indicated the
554  formation of EM, confirming the successful synthesis of the rGO-PANI-assisted C-ZnO

555  nanocomposite. Furthermore, the reported procedure is illustrated in Fig. 4a.

556 In another study, Liu et al.?%° fabricated PANI-coated TiO,/SiO, (P/TS) by integrating
557  electrospinning, calcination and in-situ polymerization. Initially, the TiO,/SiO, (TS) nanofiber
558 membrane was pre-treated using acetone, ethanol, and deionized (DI) water to enhance its
559  hydrophilicity before PANI coating. Under an ice bath, the conditioned TS membrane was
560  immersed in an aniline solution, followed by the addition of 1 M HCl and 15 mL APS, resulting
561 in a solution with a 1:2 molar ratio of APS and aniline. Thereby, facilitating the formation of
562  an EM salt coating on the TS nanofiber. Additionally, to remove residual oligomers, the as-
563  prepared P/TS nanofiber was adequately washed with HCI, rinsed with DI, and dried at 40°C.
564  In a study, Shoueir et al.?®! fabricated a guanine-based bio-MOF (ZnONPs/MOF), which was

565  subsequently dispersed in a solution containing aniline hydrochloride, HCI, and DI water using

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

566  ultrasonication. A mixture of 0.22 g of APS and 2 mL of HCl was then added to the dispersion,

567  and the pH was adjusted to 2.5. Thereafter, the solution was placed in an ice bath for 10 h to
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568  complete the polymerization reaction, resulting in a dark greenish solution. This product was
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569  thoroughly washed with DI water/ethanol to remove residual chloride ions and excess APS.
570  Unlike the previous study, the final product was treated with ammonium hydroxide, raising the
571  pHto 10 and facilitating deprotonation. The composite was then vacuum-dried at 80 °C for 24
572 h to obtain the PAN@ZnONPs/MOF material. The overall synthesis process is illustrated in
573  Fig. 4b. On the other hand, Wang et al.?®? synthesized rGO/Cul/PANI via a self-assembly
574  approach. Initially, Cu®* ions were immobilized on the surface of GO using a water bath at
575 60 °C. The resulting Cu?*-GO was collected and again dispersed in a KI solution. Subsequently,

576  aniline was added, and the mixture was stirred for 8 h, leading to the polymerization of aniline
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578  and vacuum-dried to yield the rGO/Cul/PANI composite.

579  5.3. Other methods

580  Various other methods reported for synthesizing PANI-based ternary composites include
581  pickering emulsion, solvothermal, hydrothermal, microemulsion-solvothermal, sol-gel,
582  electrochemical polycondensation with dip-coating, co-precipitation with heating, and
583  chemical reduction. Zhang et al.?8? prepared PANI-Fe;04@ZnO by the pickering-emulsion
584  route, which was found to be efficient for the degradation of MB dye. In another study, 98%
585 of MB dye was removed using a NiIO@PANI/rfGO composite synthesized via the
586  microemulsion solvothermal method. In this process, pre-synthesized PANI/GO served as the
587  matrix, providing a surface for the growth of NiO microspheres through the microemulsion
588  route, as shown in Fig. 5a.2%4 Hung et al. synthesized PANI/CNT/TiO, through two methods
589 i.e., sol-gel and hydrothermal process, for removal of diethyl phthalate, as illustrated in Fig.
590  5b. Zhou et al.?® reported the electrochemical polycondensation with dip coating method for
591  synthesizing g-C3N4 and PANI-co-modified TiO, nanotube arrays for efficiently removing
592  tetrabromobisphenol A. This method provides better control over the thickness of PANI on
593  surfaces and also ensures the adhesion of the polymer layer.

594 6. Mechanistic insights of PANI-based ternary photocatalysts

595  Typically, when a crystalline semiconductor photocatalyst (e.g. ZnO, TiO,, Fe,0;) is exposed
596  to the photon energy (hv) more than that of its E,, it leads to the separation of charge carriers,?¢
597  depicted in Fig. 6a Under light irradiation (hv > E,), the electrons (¢°) in the VB (having related
598  potential referred as E,;) of the semiconductor get excited to the CB (having related potential
599  referred as E,), leaving behind positively charged h*. These photogenerated e/h* pairs then
600 participate in redox reactions within their respective bands, generating ROS such as *OH and
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601  *0,.'227 Moreover, due to the electrophilic nature possessed by these radicals,23% they 4t& 5 250x
602 endowed with a powerful oxidizing ability (*OH: 2.73 eV vs NHE, and °0,:-0.33 eV vs
603 NHE)?®*” and can account for the degradation of almost all electron-rich compounds (e.g.
604  carbamazepine and bisphenol A)»®° to CO,and H,0O, thereby ensuring complete
605  mineralization.!'”-'® However, single-material photocatalysts come with their inherent
606  limitations. For example, ZnO and TiO, suffer from a wide E, that confines its application
607  within a harmful UV range, while Fe,O3 experiences rapid e/h* recombination, which in turn
608  hampers photocatalytic activity.!7-233283.290 Notably, a visible-light-driven single-material
609  photocatalyst (E, < 3 eV) cannot generate *OH and *O," radicals simultaneously because the
610  disparity between their redox potential is 3.06 eV, illustrated in Fig. 6b and listed in Table S1.
611  Hence, researchers have explored various types of binary and ternary heterojunction materials

612  to overcome the abovementioned challenges.
613  6.1. Types of heterojunctions

614 A single material can be modified by fabricating a heterojunction photocatalyst involving the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

615  coupling of semiconductors with dissimilar electronic band structures. This, in turn,

616  complements each other and enhances the overall photocatalytic activity of the materials.?®! To

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

617  date, heterojunctions have been reported comprising conventional types (type-I, 11, and III), p-

(cc)

618  n heterojunctions, and Z-scheme heterojunctions and S-scheme heterojunctions.!?!418292-294
619  Depending on the band alignment, the composite material establishes a new charge carrier
620  transfer passage across the heterointerface, affirming the type of heterojunction formed. For
621  instance, type-I heterojunction is formed when the energy bands (CB and VB) of photocatalyst-
622 A are fully enclosed within that of photocatalyst-B,?*> as shown in Fig. 7a. This straddling gap
623  results in poor charge carrier separation and reduced redox potential due to the accumulation

624  of e and h* on the CB and VB of the photocatalyst-B, respectively.??
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625  On the other hand, type-II heterostructure is formed when the energy band configurdfioh’; 250

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

626  presents a staggered gap (Fig. 7b).#2°2 In this configuration, the VB of the photocatalyst-A and
627 the CB of the photocatalyst-B are located within the E, of the B and A photocatalysts,
628  respectively. Although this arrangement suppresses charge recombination by directing
629  electrons to the B photocatalyst and holes to the A photocatalyst, it lowers the overall redox
630  potential, as these charge carriers accumulate in bands with weaker redox potential.!”-?°7 The
631  conventional type of heterojunction is type-III, also referred to as broken gap heterojunction
632  (Fig. 7¢).?*¢ This type of band alignment hampers the migration of charge carriers across the
633 interface, resulting in their prompt recombination.?®> Therefore, the researchers have
634  considered it to be the least favorable for the photocatalytic degradation of organic compounds.
635 Based on the above discussion, the type-II heterojunction photocatalyst illustrates attributes
636  that are better than type-I and type-III heterostructures. However, it confronts challenges such
637  as charge transfer barriers due to the electrostatic force at the heterointerface and reduced
638  overall redox potential. Researchers sought other possibilities within the staggered E,
639  configuration to address the limitations of conventional type-II heterojunction.!”-'® Following
640  this, the p-n heterojunction has emerged as a promising alternative, laying the foundation for
641  the development of Z- and S-scheme heterojunctions, also identified as sub-types of type-II
642  heterojunctions.

643  For a p-type photocatalyst, the fermi level (E¢) is positioned near VB, whereas it is close to the
644  CB for the n-type photocatalyst.!® Fig.7d-i depicts a couple of typical p- and n-photocatalysts
645  (before contact), exhibiting the respective E¢ positions and are explicitly higher for n-type and
646  lower for p-type photocatalysts. As soon as they come into contact, e flow from n-type to p-
647  type photocatalyst until their E; equalizes (Fig. 7d-ii), causing their band to bend upward and
648  downward, respectively.?®® The initial disparity in E¢ drove the e-, thus inducing the internal
649  electric field (IEF) oriented to the p-type photocatalyst. Upon irradiation, the migration of
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650  photogenerated e/h* pairs obeys the thermodynamics principles similar to that of conventighal’; 25ox
651  type-II heterojunction (Fig.7d-iii).>** Moreover, the IEF offers an electrostatic effect to the p-
652  n heterojunction, thereby regulating the charge transfer in a more efficient way3% than that
653  conventional type-II heterojunction. Nevertheless, the reduced overall potential remains a

654  challenge that may be addressed by the following heterojunction type.

655  The next alternative is the n-p heterojunction as illustrated in Fig. 7e. Unlike the p-n
656  heterojunction, the CB and VB position of the n-type photocatalyst is located at a higher energy
657  side than the p-type photocatalyst. Up to their compounding stage, a similar mechanism would
658  be followed as that in p-n heterojunction but in reverse orientation. Furthermore, under the
659 action of photon energy, the photogenerated e/h* was supposed to move as per the
660  thermodynamics, but the band bending and IEF at the interface resist such migration. Another
661  possibility is the migration of e and h* from the CB and VB of p-type photocatalysts to those
662  of n-type photocatalysts. Such migration does enhance the overall redox potential but violates

663  the basic thermodynamic principle. Thus, this route of e/h" is also not possible. However, if

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

664  the arrangement of n-p heterojunction is carefully observed in Fig.7e, there is one more

665  possibility where the e from CB of p-type combines with leftover h* at VB of n-type
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666  photocatalyst due to their adjacency (Fig. 7e). Such pathway is supported by thermodynamics

(cc)

667 and is typically observed in Z-scheme heterojunction.’! In fact, not only recombination of
668  charge carriers reduced, but also the overall redox potential to degrade organic contaminants
669  was enhanced. For instance, Nayak et al.,’%? reported a case where a Z-scheme mechanism was
670  established via a p—n heterojunction in the MoS,/NiFe LDH nanocomposite.>?> Of note, there
671  may not be IEF-induced charge carrier regulation across the Z-scheme heterointerface (Fig. 7f)

672  as documented by Parida et al.3** and Rawat et al.!”

673  The observed demerits in type-II and Z-scheme heterojunctions spurred the quest for further
674  advancements.>* Consequently, the S-scheme heterojunction was introduced by coupling a
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675  reduction photocatalyst (RP) and an oxidation photocatalyst (OP). In the SzscHEMESS 20n
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676  heterojunction, the VB and CB of RP have higher energy levels than those of OP. Also, the E;
677 s higher for RP, demonstrating a lower value of work function than OP.'"® When RP and OP
678  contact, there is a redistribution of charge carriers occurs. As shown in Fig. 7g, the e moves
679  from the RP and accumulates near OP to attain the equilibrium, which relocates respective E¢
680  to the same energy level, thereby causing band bending and generation of IEF directed towards
681  OP.'? Under light exposure, unlike the Z-scheme, the photoinduced e and h* are
682  simultaneously generated by RP and OP.3% Subsequently, the weaker e and h* in CB of OP
683  and VB of RP, respectively, recombine at the interface. The e in CB of RP, while the h" in VB
684  of OP possess strong redox potential, and their recombination is ceased due to the upward CB
685  bending. Although the limitations are subsequently addressed, the absorption of visible light
686 by the S-scheme photocatalyst needs to be rectified. As in numerous cases, the S-scheme
687  heterostructure was driven by the UV light. According to the literature, researchers have
688  addressed this issue by incorporating a third co-catalyst, forming a ternary heterojunction
689  capable of absorbing visible light.?73-283,285,290,294,306-313

690  6.2. PANI-based ternary heterojunctions

691  PANI displays a semiconductor-like activity due to @ electron delocalization along its polymer
692  backbone.’? PANI does not hold the regular atomic arrangement characteristic of crystalline
693  semiconductors. However, based on the molecular orbital theory, its electronic structure can
694  be perceived as analogous to that of inorganic semiconductors.3'* The HOMO and LUMO of
695  the PANI represent the VB and CB, respectively. Furthermore, the E, between these molecular
696  orbitals, dictates the threshold energy required to stimulate the electron from HOMO to
697  LUMO.3!® Several studies have reported a narrow E, value of approximately 2.7 eV for PANI,
698  which highlights its potential for visible-light-driven photoactivation.?83-290:311.312 Moreover, it
699  demonstrates a large surface area, excellent electron-donating and hole-accepting properties,

29


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00570a

Page 31 of 103 RSC Sustainability

700 and stabilizes the photocatalyst.?83:290294.306-308.312 Thys  PANI can functipn, , A50:4550ms0n
701  photosensitizer, charge mediator (bridge), and protective layer, making it an appropriate

702  contender for ternary composites or heterojunctions.

703  The above statements are reasonably aligned with the inferences drawn by Tanwar et al.3!! In
704  their study, they prepared PANI/Fe?/BiOCl (BPF) composite and demonstrated that PANI
705  could act as a modifier, photosensitizer and stabilizer (as a photo-corrosion inhibitor) in BPF
706  (Fig. 8a). Also, quite evident from the BPF optical properties, indicating reduced E, and PL
707  spectra intensity. Moreover, charge carriers transfer was in a way that the photoexcited e
708  migrated from the LUMO of PANI to the CB of BiOCI. So as the photogenerated h* transferred
709  to HOMO of PANI from VB of BiOC1.3!! Likewise, Zhang et al.3 exploit the narrow E, of
710  PANI to make ZnO-shelled PANI-Fe;04 (PANI-Fe;04@Zn0O) active in the visible light
711  region. Under irradiation, PANI absorbed visible light and induced transitions =— polaron and
712 polaron—n*, causing the excited state e transfer to n* orbital (LUMO), reasonably matching

713 with d-orbital (CB) of TiO,, thereby causing the synergistic effect (Fig. 8b). This advanced the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

714 photogenerated e from the LUMO of PANI to the CB of ZnO. As a result, *OH and °O,

715  radicals were produced, which degraded the organic dyes.?®3 Moreover, PANI served as a

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

716  photosensitizer to the PS/CeO,, enhancing the overall E, of PS/PANI/CeO, to 2.93 eV from

(cc)

717 3.19 eV (Fig. 8¢).3!? Similarly, in another ternary composite, TiO,@CS—PANI exhibited a
718  reduced E; (2.98 €V) in contrast to the 3.2 eV E,; of TiO,. Thus, it is transformed into a
719  significant visible light-driven ternary composite (TiO,@CS—PANI ) (Fig. 8d) degrading
720 92.3% and 89.5% of toxic MB and MO dye molecules, respectively.?’® Notably, PANI as a
721  sensitizer is significant in incorporating it with broad Eg (>3eV) semiconductors, including
722  BiOCl, ZnO, TiO,, CeO,, etc, as mentioned above. Several studies have also established the
723 role of PANI as a charge mediator, functioning e bridge between co-photocatalysts in the

724  ternary composite thereby elevating the charge carrier conveyance. For instance, Li et al.3!2
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725  synthesized a ternary composite (g-C3Ns-PANI-MoS,), where PANI served as a,condpetive’sorson
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726  bridge between g-Cs3N, and MoS,. Reportedly, the composite exhibited the highest
727  photocurrent density, confirming the formation of a photo-induced charge transfer pathway.
728  Electrochemical impedance spectroscopy (EIS) further validated this result, highlighting the
729  strong interfacial connection and promoting efficient e~ migration.?!> Chopan and Chishti
730  demonstrated the rapid migration of the photogenerated e~ from the CB of a-MnO, to the VB
731  of g-C3Ny via the PANI bridge (Fig. 9a), thereby accelerating charge transfer.3% In another
732 study,?®* a dual p-n heterojunction was established to enable the degradation of tetracycline.
733 Incorporating 10% PANI into MIL-88B@COF-200 enhanced charge carrier mobility and
734 extended visible light absorption. As illustrated in Fig. 9b, the e~ from LUMO of the PANI (p-
735  type photocatalyst) transfers to the corresponding CB of COF-200 (n-type photocatalyst) and
736  MIL-88B (n-type photocatalyst). Also, the h™ from the HOMO of PANI migrates to the VB of
737  the respective n-type photocatalysts, which in turn forms a dual p-n heterojunction. Notably,
738  the internal electric field (IEF) further facilitated charge carrier transport through PANI,
739  leading to enhanced photocatalytic activity.>**

740  Besides photosensitizer and charge carrier mediator, PANI can serve as a protective layer in
741  the ternary composite, inhibiting photo-corrosion and stabilizing the photocatalyst, promoting
742 interfacial charge dynamics. For illustration, Mousli et al.3!3 reported a core-shell TiO,-DPA-
743 PANI nanocomposite (Fig. 10a), where PANI encapsulates the TiO, core, while DPA acts as
744  abinding agent between PANI and Ti0O,. Moreover, the ternary composite exhibited the highest
745  apparent degradation rate constant, explicitly demonstrating PANI’s role in enhancing
746  photocatalytic activity and protecting TiO, under UV light.3!3 In another study, PANI was used
747  to inhibit photo corrosion, thereby improving the stability of the composite. For instance, Lin
748  etal.,?” (Fig. 10b) and Yu et al.,3%7 (Fig. 10c) incorporated PANI to avoid the photo corrosion
749  of Ag;PO, in the composite of Ag;PO,@MWCNTs@PANI and Ag;PO,/PANI/Cr:SrTiOs,
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750  respectively. In addition, their respective mechanism is illustrated in Fig. 10b?" and, 106.3%55250x
751  Likewise, the photo corrosion of Cu,O was effectively prevented using PANI, thus forming a

752 stable dual Z-scheme ternary photocatalyst heterojunction, depicted in Fig. 10d.3%
753 7. PANI-based ternary composites for the degradation of organic pollutants

754  7.1. Dyes

755  Dyes are typically known for imparting colour by forming physical or chemical bonds with the
756  substrate to which they are applied. In this context, a diverse range of dyes originates from
757  various sectors, including textile, pharmaceutical, leather, food, household products, and
758  wastewater treatment facilities, ultimately impacting freshwater sources.!3319320 Dyes are
759  harmful pollutants that do not break down easily and are also toxic. Their presence in natural
760  water sources causes serious health and environmental issues.>?!32? Their release causes
761  eutrophication, deteriorates the freshwater quality and could cause skin irritation, allergy,
762  dermatitis, and organ damage including cancer.3?3-326 This highlights the need of removal of

763  dyes from the water sources. Dyes can be classified into anionic and cationic dyes based on

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

764  their molecular charges.?® Anionic dyes include MO, alizarin yellow, and Eriochrome black T
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765  (EBT), whereas cationic dyes include MB, RhB, and crystal violet.3?7-328

(cc)

766  According to Dhanda et al.3?° PANI@Er-doped ZnO has approximately 89% removal
767  efficiency for MB dye at pH 7 in 90 min. The degradation efficiency is influenced by factors
768  such as the direction of charge carrier migration, reduced recombination rate of photo-
769  generated e/h" pairs, and their effective separation within the synthesized nanocomposite.
770  Additionally, Pandiselvi et al.33* reported a 90% reduction of MB by the novel PANI-based
771  ternary hybrid photocatalyst g-C3N4/PANI/ZnO in 80 min. This hybrid photocatalyst provided
772  a low recombination rate of e/h" pairs, and PANI enhanced the visible photocatalytic

773  performance by improving the visible light absorption intensity. Notably, PANI also acted as
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electron mediator as reported by Lai et al. 2025 in a novel g-CsN4/V,0s/PANI tertidey5orson

composite followed type II pathway for 99 % degradation of MB under optimal conditions of
catalyst dosing 1.5 g/L, 5 mg/L initial concentration at pH 7 in 120 min, mentioning *OH, *O,"
as major ROS taking part in degradation.’3! Reportedly, PANI-based ternary photocatalysts
are highly efficient in the degradation of MB dye.?33:233,283,284,290,310,332-337 Agohar Jamal et al.
338 reported removal efficiency of 10 mg of GO/Fe;O4/PANI for 10 ppm of RhB dye is more
than 92% in 60 min under natural sunlight. GO/Fe;04/PANI photocatalyst is reported efficient
in the removal of RhB due to its porous surface that allows better interaction with ROS,
utilization of a maximum portion of sunlight, and also a lower dose of the photocatalyst.
Authors have mentioned that the removal of RhB was mainly triggered by the *O,". Bu and
Chen'% investigated the degradation of RhB by the PANI/Ag/Ag;PO, ternary composite and
observed more than 95% removal of the dye. This enhancement can be attributed to the
formation of a heterojunction electric field between PANI and AgNO;, which improved the
separation efficiency of photogenerated e/h™ pairs and facilitated the transfer of
photogenerated holes from Ag;PO,4 to PANI, thereby inhibiting the self-oxidation of Ag;PO,.
Furthermore, numerous studies have been documented concerning the effective
photodegradation of RhB using the developed PANI-based ternary catalyst.!72:254,316,332,339-341
In another work, a novel photocatalyst TiO,/PANI/GO degraded Thymol blue and Rose
Bengal nearly 85% and 99%, respectively, in 180 min.>*? Likewise, Cui et al.?%° reported 99.7%
degradation of Congo red dye by TPU/TiO,/PANI membrane within 30 min. In both
aforementioned studies, *O,” and *OH radicals participated in the photocatalytic degradation
of Congo red dye.?34342 Reportedly, PANI/GO/MoO; (PGMO) nanocomposite was employed
for the degradation of MO, showing 98.9% under optimum conditions of 0.2 g/L catalyst dose
for the 20 mg/L of initial conc. at pH 6.8 in 120 min of irradiation. The scavenging experiment

was done for the identification of specific radical species playing a role in the charge transfer
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799  mechanism. The authors mentioned that methanol, iso propyl alcohol (IPA), and benzagquiti$ne’;25ox
800 (BQ) affected the efficiency, indicating the h*, *OH, *O, participation in the charge transfer
801  pathway. The results conclude the occurrence of the Z-scheme pathway between the ternary
802  composite, where PANI is acting as the photosensitizer with a 2.7 eV band gap. ®® Mousli et
803  al.3!3 prepared TiO,-DPA-PANI, which degraded MO dye with the efficiency of 99.5% under
804 UV irradiation in 20 min, ascribed to the quantity of PANI deposited on the surface of TiO,,
805  where PANI acts as the e~ donor and h* acceptor, facilitating the generation of *O, and *OH
806  radicals. Similarly, Mitra et al.>®> mentioned the degradation of MO and rose Bengal with
807  efficiency 92.5% and 98%, respectively, under visible light irradiation in 150 min, attributed
808  to the introduction of PANI in Al-doped ZnO. Zhao et al.33! utilized TiO,/PANI/GO to achieve
809  98.2% MO degradation in 90 min. This enhanced performance was attributed to the role of
810  PANI and GO in facilitating the transfer of h* from the VB of TiO, to the HOMO of PANI, as
811  evidenced by reduced fluorescence intensity, thereby suppressing e/h* recombination. Also,
812  Turkten et al. 2025 studied the removal of Reactive blue — 198 dye over the synthesized novel

813  p-n-p type PANI-Ti0,-CuO composite which showed 90.4% photocatalytic efficiency within

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

814 60 min under optimized catalyst dose 0.25 g/ and initial concentration 10 mg/L. 342

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

815  Interestingly, the Z-scheme pathway was followed in the Cu,O/ZnO-PANI (CZP) composite,

(cc)

816  degrading 100% of CR in 30 min of irradiation at an optimum dose of 1 g/L., 30 mg/L of initial
817  concentration at pH 6, attributed to the role of PANI as a photocorrosion inhibitor. The authors
818  have analysed the charge transfer mechanism through scavenging studies, which elucidated
819  that ammonium oxalate and benzoquinone lead to a significant decrease in degradation
820 efficiency, revealing h* and *O, as primary active species.’®® Hence, the photocatalytic
821 removal of these pollutants is directly governed by the generated reactive oxygen species
822  (ROS), participating in the degradation mechanism. Fig. 11a presents PANI-based ternary

823  photocatalysts that achieved significant dye degradation efficiencies within specific reaction
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times. Detailed performance data of various photocatalysts for dye removal from wastewater

are summarized in Table S2.

7.2. Pharmaceutically active compounds (PhACs)

Pharmaceutically active compounds (PhACs) are commonly used in the treatment and
prevention of infections and diseases of humans and animals.’*3-34 It includes a wide variety
of antibiotics, antimicrobials, antidepressants, painkillers, anti-inflammatories, and
hormones.??*% The extensive use of pharmaceuticals, the rising prevalence of chronic diseases,
and the continuous development of new drugs have led to the generation of large volumes of
pharmaceutical waste.3*-346 PhACs including tetracycline,?*’ tetracycline hydrochloride,3%
ciprofloxacin,®'7 17 B-estradiol,?’® clozapine,*® antipyrine,**° ibuprofen, sulfamethoxazole,?*°
naproxen,>*® etc. have been successfully removed by PANI-based ternary photocatalysts. The
degradation of tetracycline using PANI/CoFe,0,/WO; (PCFW) synthesized by the microwave-
assisted ionic liquid method has been previously reported.’*’ Barik et al.?*” have mentioned
more than 99% degradation efficiency of PCFW after a reaction time of 50 min. This
enhancement is attributed to the increased surface area of the PCFW ternary heterojunction
resulting from the addition of PANI, which promotes nanostructure aggregation and improves
porosity distribution within the metal oxide framework. Similarly, Lv et al.?* reported the
synthesis of MIL-88B@COF-200@10%PANI that removed tetracycline with 97.2%
efficiency within 120 min, attributed to introduction of PANI holding n-t conjugated structure
which acted as charge transporter fostering the charge carrier movement, increasing absorption
in visible light region, formation of double p-n junction and inhibition of photogenerated e/h*
recombination. In a study, about 96% removal efficiency of tetracycline hydrochloride (TCH)
is achieved in 60 min by g-C3;N4/PANI/a-MnO, composite under visible light irradiation.3%¢
The large surface area of the photocatalyst, along with the quenching of photoluminescence,

promotes effective separation of electron-hole (e7/h*) pairs and reduces their recombination rate
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849  along with the large amount of *O, and *OH, e, and h*, accounting for the obsgrved High=' S ox
850 efficiency removal of TCH. Wang et al.>!7 synthesized rGO/Ag;PO,/PANI for preventing
851  photo-corrosion of Ag;PO, where PANI served as h* transporter whereas rGO used as electron
852  transporter in degradation of ciprofloxacin achieving efficiency of 86.2% within 15 min.
853  Kumar et al*® reported the 94.2% degradation of clozapine utilizing the ternary
854  PANI/LaFeOs/CoFe,04 heterojunction in 120 min at an optimized doze of 0.3g/L. The high
855  negative potential of LUMO of PANI leads to charge transfer to molecular oxygen, ROS,
856  formation of heterojunction, visible light active band, and comparatively lower charge carrier
857  recombination rate. Qing et al.?’® reported the 100% removal of 17 B-estradiol (E2) using C-
858  PANI/BiOBr S-scheme heterojunction in 40 min. This can be attributed to S-Scheme
859  heterojunction, adsorption capacity of C-PANI because of n-n stacking interaction between the
860  aromatic rings of E2 and PANI and the primarily exposed crystal plane that promoted enhanced
861  separation of photogenerated charge carriers. Ren et al. 2025 has prepared novel BiVO,/g-
862  C;N4/PANI which displayed 91% removal efficiency for enrofloxacin under an optimal

863  catalyst dose of 1 g/L, initial concentration 10 mg/L, attributed to the Z-scheme charge transfer

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

864  pathway and *O, and *OH radicals validated by electron spin resonance (ESR) spectroscopy.
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865 339 These studies highlighted that the formation of heterojunction facilitated efficient separation
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866  of charge transfer, lower recombination rate, and more generation of ROS. The addition of
867  PANI increases the surface area and porosity of the composite, which provides more active
868  sites for photodegradation. In addition, the high negative potential of the LUMO of PANI
869  facilitates the transfer of e to molecular oxygen. Fig. 11b displays the efficient degradation of
870  PhACs by PANI-based ternary composites, while Table S3 summarizes the performance of

871  various photocatalysts for PhAC removal from wastewater.

872  7.3. Phenolic compounds
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873  Phenolic compounds are characterized by one or more hydroxyl groups directly bonded t 4855 20n
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874  aromatic hydrocarbon group. R. Kumar et al.3*! prepared BiIOCI/WO;@PANI as an efficient
875  photocatalyst degrading 99.7% of 2-Chlorophenol under the optimum conditions in 240 min.
876  This can be attributed to the addition of PANI, which enhanced visible light absorption and
877  suppressed charge recombination, with *O, radicals actively contributing to the degradation.
878  In another study, ZnO/ZnS@PANI degraded 89% of 2-chlorophenol within 240 min. This was
879 attributed to PANI’s ability to absorb a broad range of visible light and enhance e/h*
880  separation.’? Phenol was completely degraded (100%) under UV irradiation using an s-
881  PANI@g-CsN4/GO within 7 h, which can be attributed to its smaller grain size and enhanced
882  sp? network. The study concluded that sulfonation significantly improved phenol degradation,
883  further enhanced by the optimum inclusion of GO.33 In another study, PANI@g-
884  C3N4/ZnFe, O, degraded 85.1% in 120 min under visible light irradiation, which could be
885  ascribed to a strong synergistic effect resulting from the electrostatic interaction between the
886  components of photocatalyst through physisorption, and efficient charge transfer.3>* A 100%
887  degradation of phenol and nitrophenol was observed using Ag;PO,@MWCNTs@PANI after
888  a reaction time of 20 min, which can be attributed to the PANI acting as an efficient h*
889  transporter, reducing the recombination rate of charge carriers, and regulating Ag;PO, crystal
890  size. 27> The PANI-based ternary composites demonstrated effective degradation of phenolic
891  compounds, as shown in Fig. 1lc. Table S4 presents performance data for various
892  photocatalysts utilized in the degradation of phenols from wastewater.

893  7.4. Others

894  PANI-based ternary photocatalytic materials have proven effective in the degradation of
895  several other types of contaminants including pesticides, insecticides, volatile organic
896  compounds (VOCs), metals, etc. In a study, Karamifar et al.>> reported the degradation of
897  benzene through TiO,/MWCNT/Pani with an efficiency of 84.9% at optimum conditions in

37


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00570a

Page 39 of 103 RSC Sustainability

icle Online

898  reaction time of 80 min under visible light radiation, which can be attributed to the 19le,0f $ O Ssmon
899  and *O;. Li et al.’*% reported the 94% degradation of ethylene diamine tetra acetic acid (EDTA)
900 by a synthesized magnetically separable Fe;04@PANI/Ti0, photocatalyst under visible light
901 irradiation in 135 min. The formation of PANI-TiO; heterojunction enhanced the photoactivity
902 Dby facilitating efficient charge separation and transfer, thus reducing the e/h™ recombination.
903  Balasubramanian et al%7 synthesized Ag;PO4/PANI@g-C;N;  which  degraded
904  monocrotophos with a degradation efficiency of 99.6% under visible light in a 50 min of
905 irradiation time, facilitated by *OH and °O, radicals. PANI/CNT/Ti0O, was prepared by two
906 different synthesis methods, the sol/gel method and the hydrothermal method, achieving 59%
907 and 67.4% degradation of diethyl phthalate.>® The PANI-based ternary composites
908 demonstrated notable degradation efficiencies for various organic pollutants within the
909  specified reaction time, as illustrated in Fig. 11d. Table S5 presents performance data for

910  various photocatalysts utilized in the removal of diverse compounds from wastewater.

911  Although the conventional factors influencing photocatalytic degradation have been discussed

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

912  in this section, other critical parameters (such as the physicochemical properties of the target

913  pollutants, interference from coexisting substances, and the characteristics of the water matrix)

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

914  also play a significant role in determining the overall effectiveness of photocatalytic processes.

(cc)

915  Thus, the subsequent section elucidates the other influencing parameters.

916  17.5. Role of multifunctional PANI in proposed degradation pathways

917  The multifunctional role of PANI in the ternary system, as elucidated by mechanistic insights
918 in the section 6.2, involves the generation of ROS, which govern the degradation products and
919  pathways of organic pollutants. For instance, PANI was employed as a photosensitizer by
920  Palliyalil et al. (2022) in a TiO,@CS-PANI composite. Upon irradiation, PANI generated e

921  /h* pairs, in which the photogenerated e were transferred to TiO,, thereby averting the charge
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carrier recombination. The photogenerated h* in the VB oxidized HyO molecules, to,prodiic

*OH radicals, while e in the CB reduced dissolved O, molecules to form °O, radicals.
However, scavenging studies revealed that *OH radicals played the predominant role in the
photocatalytic degradation process. Consequently, the proposed degradation mechanism for
both MB and MO dyes was initiated by *OH radical attack. The degradation of MB led to the
generation of intermediates with m/z 357, 324, 311, 74, 65, and 54, whereas in the case of MO,
the transformation products had m/z of 214, 174, 139, 74, and 65 and finally transformed into
CO,, H,O, and inorganic salts. The degradation pathways were estimated by liquid
chromatography-mass spectrometry (LC-MS), in which m/z values confirmed the sequential
stages of chromophore cleavage, deethylation, aromatic ring opening, and mineralization of
the above-mentioned dyes. °° In another study, Basu et al. (2025) explored the same
functionality of PANI in the PANI/GO/MoO; composite. Interestingly, the UV-DRS showed
a significant broadening of the visible-light response range upon PANI incorporation, thereby
enhancing the photocatalytic efficiency of MoOs. Under irradiation, e~ were generated in the
CB (GO and Mo0O3) and in the LUMO of PANI, followed by the transfer of e- from the CB of
GO and MoOs into the HOMO of PANI. Simultaneously, the photogenerated h* at the HOMO
of PANI enabled oxidation of OH- to *OH radical, while e reduced the O, into *O," radical.
These ROS (*O;, and *OH) and e” mineralized MO, producing four intermediates with m/z
121, 136, 152, and 171, confirmed by Gas chromatography - mass spectroscopy (GC-MS)
technique. 3!¢ Furthermore, Chopan and Chisti (2023) used PANI as a conductive bridge
between a-MnO, and g-C;N,. As a result, the transmission of e from the CB of a-MnO, to the
VB of g-C5N, was accelerated across the heterointerface. Subsequently, generating the *O;,
and *OH radicals, which mineralized the tetracycline and proposed several intermediate
compounds with m/z of 462, 433, 413, 361, 362, 337, 297, 270, 258, 242, 213, 209, 175, 164,

134, 107, and 104 were identified using High resolution - Mass Spectroscopy (HR-MS). 306
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947  Likewise, Lv et al. (2021) reported plausible degradation pathways of tetracygling, MHile ;5 2 0x
948  introducing PANI into MIL-88B@COF-200@10%PANI, with a n-n conjugated structure
949  acting as a bridge for charge transport. The specific arrangement of band positions was
950  determined via UV-DRS and Mott Schottky lead to the generation of *OH, *O,-, h*, and e as
951 the main reactive species for tetracycline removal, proposing three pathways comprised of

952  nineteen intermediate products that ultimately mineralized to CO, and H,O. 24

953  Recently, the photocorrosion properties of PANI in ternary composites have also been
954  exploited to improve the photostability of the composites. For instance, Wang et al. 2021
955  fabricated rGO/Ag;PO4/PANI for inhibiting the photocorrosion of Ag;PO4. In this system,
956  photogenerated h* from the VB of Ag;PO, migrated towards the PANI, which acted as
957  h* conductor. In parallel, e from the CB were transferred to rGO, which served as an e
958 acceptor. This mechanism leads to the degradation of ciprofloxacin into disintegrated
959  molecules, followed by three degradation pathways for the destruction of the piperazine ring

960  of quinolone and removal of fluorine, and major intermediate products were identified by

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

961  HPLC-MS. 37 Moreover, Turkten et al. (2025) have used density functional theory (DFT) to

962  analyze Fukui indices, identifying localized reactive sites responsible for organic pollutants.

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

963  The high-value Fukui indices indicated atoms affected by *OH attacks. Also, authors have

(cc)

964 integrated the theoretical and experimental calculations for proposing the degradation
965  mechanism of Reactive Blue 198 (RB-198) dye using PANI-Ti0,-CuO ternary system, and
966  reported the breakdown of RB-198 into two fragments following two different pathways. 3'8
967  Collectively, these studies show the mechanistic role of PANI in the degradation pathways,
968  enabling the identification of intermediates by LC-MS, GC-MS, HR-MS, HPLC-MS, and DFT,

969 thereby strengthening the credibility of the proposed degradation pathways in ternary systems.

970 8. Other parameters influencing photocatalytic degradation using PANI-based ternary

971 composites

40


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5su00570a

RSC Sustainability Page 42 of 103

Open Access Article. Published on 12 February 2026. Downloaded on 2/25/2026 5:58:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

972  8.1. Physicochemical properties of the target pollutants DO 101039 eel00aT0n
973  For a given photocatalyst material (such as PANI-based ternary composites), the effectiveness
974  of the photocatalytic degradation system is significantly influenced by the molecular structure,
975  functional groups, and surface charge of the target pollutants, which collectively govern the
976  adsorption behaviour and interfacial reaction pathways. 332338 PANI introduces a redox-active,
977  pH-responsive polymeric component, making these systems particularly sensitive to the charge
978  characteristics of pollutants. 35° As mentioned earlier, PANI contains alternating amine (-NH-
979 ) and imine (=N-) groups, whose protonation state varies with pH.

980  Anionic pollutants, such as MO and CR, which contain carboxylate and/or sulfonate groups,
981  strong electrostatic attraction is typically observed when PANI is in its protonated state. For
982  example, Zare et al. 3% reported a noticeable decrease in the degradation efficiency of CR over
983  an Fe;04/ZnO/PANI composite as the solution pH shifted from acidic to alkaline conditions.
984 A similar pH-dependent trend was observed by Mousli et al. 3'3 during the photocatalytic
985  degradation of MO using a TiO,-DPA-PANI composite, underscoring the role of electrostatic
986 interactions in enhancing adsorption and subsequent degradation under acidic conditions. On
987  the other hand, cationic pollutants, including MB and RhB, tend to interact more favourably
988  under conditions where PANI is partially deprotonated. Under such conditions, electrostatic
989  repulsion is minimized, allowing n—n stacking and hydrogen bonding interactions to play a
990  dominant role. 3! Hait et al. 3¢ reported the highest degradation efficiency for RhB at pH 8,
991  achieving nearly complete removal within 2 h of photocatalysis using a PANI-based system.
992  Similarly, Palliyalil et al.>*° employed a TiO,@CS-PANI composite for the degradation of
993  both MB and MO and observed maximum degradation at pH 11 for MB and pH 3 for MO.
994  These observations clearly establish that anionic pollutants generally favour acidic conditions,
995  where PANI is protonated and electrostatic attraction is the dominant force. In contrast, cationic
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996  pollutants exhibit enhanced degradation under neutral to alkaline conditions, yghere HOAS 52 0
997  electrostatic interactions such as n-r stacking and hydrogen bonding become more effective.
998  Moreover, the role of a pollutant’s pKa becomes particularly important in this context, as it
999  governs the charge state of its functional groups under specific reaction conditions.?*> When
1000  the operating pH is close to the pKa value, the pollutant can exist in multiple charge states,
1001  leading to dynamic interactions with the catalyst surface. Depending on the surface charge of
1002  the PANI-based composite, this behaviour may either promote effective adsorption and
1003  degradation or, conversely, hinder the photocatalytic process. Therefore, carefully aligning the
1004  solution pH with both the pollutant pKa and the protonation state of PANI is essential for
1005 achieving optimal photocatalytic performance.
1006  8.2. Influence of coexisting ions and water matrix
1007  As evident from several studies on the photocatalytic degradation of organic pollutants, the
1008  presence of coexisting ions in aqueous solutions adversely affects the process. 39 Generally,
1009 these ions interfere with the adsorption of the pollutant over the composite and also potentially

1010  quench  the ROS  generated in  photocatalysis  process.!”  For e.g.,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1011 AgzPO4/PANI/Cr:SrTiO; provided 100% degradation of Rh B and phenol, showing negligible
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1012 effect with monovalent Na*, NO;~ and SO4> ions, whereas strong interference of Cl- and CO;?
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1013, ascribed to the trapping of h™ and *OH. 37 Moreover, a study conducted by Qi et al. revealed
1014 the significant impact of HPO4 and SO4> on the removal rate of negatively charged Cr(VI),
1015  attributed to the competitive adsorption of coexisting anions during the photocatalytic process,
1016  strongly competing for positively charged active sites of Cu/PANI/NH,-MIL-125 (Ti) due to
1017  their valence charge and hydration characteristics. 3% The removal efficiency of Cr(VI) over
1018  CP-125(T1) dropped but consistently remained at 84% across different water matrices (pure,
1019 tap, and lake water), highlighting its practical stability. 34

1020 9. Stability and reusability
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The reusability of a photocatalyst is a crucial factor in maintaining its photocatalytic ability
and is also decisive in cost-effectiveness.??3363:366 Several studies in PANI-based ternary
composites have shown potential results regarding stability and reusability. Mitra et al. 2%3
investigated the stability of 22 wt.% Al-doped zinc oxide-PANI up to 5 repetitive cycles by
recycling the catalyst with significant degradation efficiency. Pure PANI also displayed
photostability and reproducibility with a degradation efficiency of 85.61 % for the removal of
MB even after 5 cycles under simulated sunlight.®® PANI-supported MWCNTSs/ZnO/Ag,COs
is also tested up to 5 cycles and showed an efficiency of 49.78%, which shows significant
reusability.3¢’ Similarly, after 5 successive cycles, Hu/PANI@Ni,O3; showed excellent stability
and retained 84.5% of the initial degradation efficiency for Safranin-T dye.?’’ The g-
C3N4/TiO,@PANI displayed 90% photocatalytic degradation efficiency for Congo red dye
even after 4 successive cycles, which is attributed to the wider visible light absorption of the
photocatalyst and the sensitizing effect of g-CsN, and PANI3% Also, 0.5%PANI@Bi,0;-
BiOCl, after evaluation, displayed a drop of only 10% in photocatalytic degradation efficiency
up to 4 consecutive runs as of the initial cycle in the removal of MB dye.?33 These studies
highlight that PANI and PANI-based photocatalysts show high efficiency, stability, and
reproducibility, which makes them suitable for practical field applications. Moreover, further
studies should be done to discover greener and more cost-efficient methods for catalyst

regeneration.
10. Sustainability aspects of PANI-based composites

PANI-based ternary photocatalysts are promising materials for achieving sustainable
wastewater treatment, primarily due to their facile and low-cost synthesis, tunable
physicochemical properties, and environmental compatibility.®® The studies discussed in the
previous sections demonstrate that integrating conducting polymers with a wide range of
functional materials can reduce reliance on artificial UV-driven energy sources and
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1046  significantly enhance overall energy efficiency. 3¢° If we start from the,, synth&$is5 o on
1047  perspective, several green fabrication strategies have been developed to minimize chemical
1048  consumption and energy input.3’" These approaches include aqueous-phase polymerization,
1049  the use of mild oxidants and organic acid dopants, enzymatic routes, and room-temperature
1050  synthesis procedures. In addition, the overall energy footprint can be further reduced by
1051  incorporating earth-abundant co-catalysts and bio-based templates that act as natural carbon

1052  sources, such as chitosan, cellulose, and lignin.

1053 A limited number of studies have also investigated the ecotoxicity of PANI-based composites.
1054  Notably, Zhao et al.3* evaluated the virotoxicity of a BVGT-PANI composite against Bacillus
1055  subtilis and Staphylococcus aureus, and their results showed no observable inhibition zones,
1056  indicating negligible antibacterial toxicity. Similarly, Barik et al. 37! assessed the cytotoxicity
1057  of a polyaniline-ZnWO,-WO; (PZW) photocatalyst using Drosophila melanogaster larvae as
1058  a model organism and reported consistently non-toxic effects. This thereby demonstrates the

1059  non-toxic nature of PANI-based composites. Interestingly, these approaches were further

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1060  validated by Galloni et al., 372 who performed a comparative life cycle assessment and

1061  demonstrated that process scale-up can significantly enhance both efficiency and sustainability
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1062 by adopting alternative green synthesis strategies and optimizing electrical energy consumption
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1063  during synthesis. In addition, the sustainability of PANI-based composites is further enhanced
1064 by their chemical and structural stability. Many studies report stable photocatalytic
1065  performance over multiple reaction cycles, indicating good reusability and resistance to
1066  photocorrosion. Therefore, PANI-based ternary photocatalysts represent a sustainable and
1067  worthwhile platform for wastewater treatment, combining green synthesis, low toxicity,
1068  structural stability, and long-term reusability, which collectively support their potential for

1069  scalable and environmentally responsible photocatalytic applications.

1070  11. Challenges and future recommendations
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1071  The studies discussed in previous sections show PANI plays a major role in the degradatiofi‘of; 250x
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1072 various organic pollutants. However, the conventional polymerization in the synthetic route
1073  employs strong oxidants such as APS, HCI, H,SO, and organic dopants, producing effluents
1074  with low pH, which limits the green chemistry approach. Several composites show uneven
1075 interfacial bonding, resulting in weaker interaction leading to agglomeration, active site
1076  blockage, and discontinuous charge transfer. PANI experiences photobleaching, exhibits pH-
1077  dependent conductivity in actual wastewater, has restricted long-term stability, and excessive
1078  PANI loading hinders light penetration and obstructs active sites. Moreover, several studies
1079  were mainly focused on single-pollutant system in DI water (ideal condition), overlooking the
1080  effect of co-existing ions, organic/inorganic matter, and variable pH. These factors strongly
1081 interfere with the degradation efficiencies and overall reaction kinetics. Furthermore, the
1082  powdered composites have a poor recovery rate and also require energy-intensive procedures,
1083  which increases the operational cost and restricts scalability. Also, the incomplete assessment
1084  of toxic degradation by products, catalyst leaching and effluent pathways can cause secondary
1085  pollution which could be hazardous. The photocatalyst immobilization, uniform light
1086  distribution, hydraulic management, and engineered reactor characteristics are major hurdles
1087  for transforming PANI’s application to pilot scale or industrial level.

1088  To address the above-mentioned issues, further studies should be done to prioritise minimal
1089  chemical waste, reduce energy consumption, and comparatively environmentally friendly
1090  route. The adoption of greener oxidants like enzymatic or electrochemical oxidation, mild
1091  organic acids, bio-derived dopants, and aqueous or solvent-free polymerisation will reduce
1092  environmental burden. Also, the toxic co-catalyst should be eliminated and replaced by earth-
1093  abundant elements. The synthesis reactions at lowered temperature should be preferred. The
1094  innovations in PANI-based composite should be directed towards ligand inclusion with
1095 advancements in intrinsic properties or modifications in chemical structure supported with
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1096  active functional group. These approaches may lead to a sustained real scenario of yariablesiHy om0
1097  ensuring better charge mobility hereby enhancing efficiency. Long-term stability against
1098  overoxidation and photobleaching can be enhanced through cross-linking strategies, protective
1099  thin coating. Magnetic PANI-based composite may offer separation and catalyst recovery.
1100  Major focus should be laid on the material recovery without escalation in operational cost. The
1101  fouling, deactivation of catalyst, mechanical abrasion, loss in activity in real water scenario
1102  due to variable pH and presence of organic/inorganic matter, chemical instability should be
1103  addressed by immobilization of photocatalyst over substrates, such as glass fibre, metal foams,
1104 3D printed materials, metal meshes. Furthermore, the integration of machine learning (ML)
1105 should be done in data-driven optimization. Strategies such as integration of ML for
1106  optimization, sensor-based feedback control, and forecasting reactor performance reduce
1107  resource consumption, make process cost efficient and minimise energy use. There is also a
1108  need for modelling in determining the best possible quantity and conditions required for the
1109  catalyst to cater to the full light source, Eg, and other important factors. Real-time monitoring

1110  of the pollutant concentration and interferences in the wastewater is needed for quantifying

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

1111  maximum and efficient removal. The studies should be forwarded for the photocatalytic
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1112  membrane reactors (PMRs), flow-through photocatalytic reactors (FTPRs), and hybrid
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1113 treatment modules. Hence, various reactor design should be explored for the pilot-scale
1114  demonstrations. Also, hybrid or integrated treatment systems must be further be explored, like
1115 a combination of biological and photocatalytic reactors, such that other pollutants can be
1116  removed to reduce the load on the photocatalytic reactor, which thereby increases the
1117  efficiency. A comprehensive life cycle assessment of the material should be conducted,
1118  including the photocatalyst’s end-of-life stage. The eco-toxicity assessment of the material and
1119  the degradation by-product should be carried out for further strengthening their practical

1120  reusability.
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1122 PANI and its ternary-based composite have garnered significant attention owing to their simple
1123 synthesis, electrical conductivity, and structural stability. This paper examines the structure
1124 and properties of PANI, discusses various synthesis methods for PANI and its ternary
1125  composites, elucidates the role of PANI in these systems, and presents suitable materials for
1126  effective composite formation with PANI. Various parameters, such as temperature, pH
1127  conditions, protonic acids, oxidants, and specific templates, influencing the synthetic routes
1128  and morphology of the resulting product, have been discussed. Moreover, the review explains
1129  the photocatalytic mechanism in PANI-based ternary composites, clarifying the purpose and
1130  functional role of incorporating PANI into the ternary systems. The findings confirmed that
1131  PANI-based ternary composites were highly effective in degrading dyes, PhACs, phenolics,
1132 xenobiotics, and reducing heavy metals, due to enhanced light absorption ability, efficient
1133 charge separation, and the presence of delocalized electrons. Furthermore, the PANI-based
1134  ternary photocatalyst demonstrated remarkable stability and reusability after multiple cycles of
1135  reuse. The review highlights the necessity of creating green synthetic methods to mitigate
1136  environmental impact. These methods can improve the sustainability, safety, and scalability of
1137  PANI-based photocatalysts. Overall, this review highlights the potential of PANI-based ternary
1138  composites as effective and durable photocatalysts for environmental remediation applications.
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Method Precursors Synthesis conditions | Morphology Advantage Disadvantage
Electrochemical Aniline, camphor sulfonic | Electrode dimension | Film Accurate Require energy
polymerization 32373377 | acid (CSA), DI water, ITO | =2cm x 7.5¢m; regulation on input;
glass substrate as Electrode gap =1 PANI properties;
Restricted
lectrod Itra-grad ; . .
electrode, an ultra-grade cmy; Mild reaction o
scalability;
stainless steel electrode, Area of electrode ..
condition;
ethanol, acetone, stainless | immersed = 12 cm?; Necessity for
Capability to
steel electrode Room temperature specialized
modify polymer
aniline, CSA, ITO coated | Electrode dimension | Fibre-like apparatus;
structure;
glass substrate, an ultra- =25cmx 2.5 cm; morphology
) Issues with
grade stainless steel Electrode gap = 1 Ease of doping

electrode, DI water,

ethanol, Acetone

cm; Area of
electrode immersed

=5 cm?;

during synthesis;

electrochemical

stability.
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Temperature = 25°C;
Constant potential of

1.5 V was applied for

60 s
Aniline, H,SOy4, ITO Potential =+3V for | Homogenous
electrode, copper foil (0.5 | 30 min; Room film
cm X 1.5 cm), DI water temperature
Na,SOy4, H,SO4, Aniline, | Time = 1800s for Agglomerated

Stainless-steel sheets,
deionized water and
ethanol, a saturated
calomel electrode, small
segment of stainless-steel,

NaOH

variable potential
ranges, Temperature
=60 °C, dried in

oven

flakes (1.3 V),

Spongy

structures(>1.3V)

Better

reproducibility;

Eco-friendly

process.
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Working electrode — (FTO
plate) with 1 cm of
diameter and 3 cm of
length, stainless steel as
the counter electrode, and
Ag/AgCl as reference

electrode, Aniline, H,SOy,,

20 cycles, sweep
speed = 0.05 V/s;
potential window = —
02VtolOV,
Product: oven @
temperature = 60 "C,

time =24 h

Disordered and
porous
arrangement,
made up of
granules and

fibers

Chemical Polymerization

377-382

Aniline, double distilled

Stirred for 12 h,

Cauliflower-like

water, Do-decylbenzene dried in an oven at surface
sulphonic acid (DBSA), 60 °C for 24 h morphology
FeCl;. 6H,0, acetone.

Aniline, HCl, Ammonium | Time =3 h for Nanorods

Persulfate (APS), DI

water, Ethanol

stirring, drying @

Temperature = 60 °C

Easy, fast and
straightforward

method;

PANI with high
purity can be

obtained;

Involves toxic
chemicals,
including

oxidizing agents;

Controlling

thickness of
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(NH4),S,0s, aniline, Reaction temperature | Nanorods
phytic acid, DI water and | =4 °C, removal of
ethanol soluble component,
hydrogel was soaked
in 500 mL DI water
for 1 day, Vacuum
drying @
Temperature = 60°C
Aniline, HCI, ammonium | Mixture was stirred | Irregular
persulfate, ultra-pure in the ice water bath | spherical
water at 0 °C for 6 h, Time | morphology
=24 h, dried at
Temperature = 60°C
Aniline, HCI, APS, Rapid mixing for 30 | Nanofibres

acetone

s, reaction time = 2h,

Precise control
over doping and

morphology;

Potential for
industrial scale

production

polymer is very

difficult;

Severe reaction

conditions.
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Product Vacuum

dried at 60°C for 12

Vapor Phase

Polymerization®7,100,363,364

h
Oxidants like Fe (II)Cl;, | Exposed time to Nanofilms
camphorsulfonic acid and | aniline vapor for 5—
Fe(III) p- toluenesulfonate | 60 min in a reaction
were prepared in chamber under
methylalcohol (MeOH), several temperatures,
polymeric substrates PANI were dried for
coated with oxidants, 3 min at 80° C
aniline vapor, methanol
Aniline, HCI, ammonium | Reaction temperature | Dendritic
persulfate (APS), sealed at 0-5 °C, structures

glass container, plastic

membrane, which has

High purity
product having
excellent

conductivity;

Uniform polymer

film deposition;

Forms thin film
having Smooth

surface.

Complex
equipment

requirement;

Weak interaction
between material

components.
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many needled holes with
average diameter about

0.1 cm,

Fe(III) tosylate in a 40%
aqueous solution of 1-
ethanol , aniline, 3

electrode cell, methanol

Electrode surface:
250 pL of Fe (III)
tosylate solution
drop-casted, Heated
@ 120°C for ~3 min,
Electrode placed ~6
cm from the aniline
reservoir in a sealed
chamber, exposed to
aniline vapor for 1 h
at room temperature
(not under vacuum),

Electrode washed

Interconnected

nanofibres
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with methanol, Dried

under a hot air

Photopolymerization

101,103,104,365

blower (40°C) for
~20s
Ammonium hydroxide, X-ray wavelength = | Fibrillar
Aniline, nitric acid, 0.1541 nm with a morphology
acetonitrile, HCI or voltage =30 kV and
H,S0O,, Ultra-pure water, | a current =40 mA,
plastic cuvette (with a 1
cm optical path), X-ray
irradiation, Cu anode
Aniline, potassium iodate, | MW operating at Nanofibers

HCI, Microwave

2.45 GHz, absorbed
power = 6.6 +/- 0.4

W for 93W emitted

Thickness of
polymer can be

controlled;

Size and shape
can be

controlled;

Porous structure
can be

synthesized.

Low yield;

Need light

source;

Cannot be
utilized for every

polymer.
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power, reaction
temperature = 24+/-
1°C, time = 20 min,

yield = 78.8%

2-2- Dimethoxy-2-
Phenylacetophenone
(DMPP), aniline, Ethylene
Glycol Dimetacrylate
(EGDMA), ultraviolet

light,

Reaction time = 600
s, under continuous

nitrogen gas flow.

Enzyme catalysed

Polymerization!42151,386

Aniline, HRP, Hydrogen
peroxide, Phosphate

buffer

Room temperature,
vigorous stirring, pH

=3

Aniline, sulfonated

polystyrene (SPS),

pH=4.0,time=3h

Environment
friendly;
Minimal

purification and

Slow reaction;

branched
polymeric

materials;
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. View Article Online
Figures DOI: 10.1039/D55U00570A

Leucoemeraldine

Emeraldine

Nigraniline

Pernigraniline

Fig. 1 Structural representation of various forms of PANI.
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Vacuum

Flemion Iayer) on Glass[SaKstidle] 039/D5S

Substrate

PANI Film

Working Counter

oxidant Electrode | PANI Film| Electrode

N——

Aniline Aniline + APS PANI

(c) Chemical oxidative Polymerization

Fig. 2 Synthesis methods of PANI via (a) Vapor phase

. - B o o H
o ‘ QVQ‘* + xht‘ Gl —
i Stirred = - (e) Electrochemical - 3% R
s ol — - Polymerization —~— ~
| !! Temp. =0-3'C u HRP Aniline + PSS PANI

Visible Light
source

Photomask PANI film
Polymeric sol.

(b) Photochemlcal induced Polymerization

(d) Enzyme Catalyzed Polymerization

polymerization, (b) Photochemical

induced polymerization, (c) Chemical oxidative polymerization, (d) Enzyme-catalysed

polymerization, (e) Electrochemical polymerization.

(Abbreviations: PANI - Polyaniline, APS - Ammonium Persulphate, HCI - Hydrochloric acid,

PSS - Polystyrene sulfonate, HRP- Horseradish peroxidase enzyme)
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View Article Online

KBr DOI: 10.1039/H55U00570A
1
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i 3 B ) ) 9N |
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A

HU/PANI/Ni,O,
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Fig. 3 Synthesis of PANI-based ternary composite using chemical precipitation: (a) C-
PANI/BiOBr (Reproduced with permission from Qing et al., 202327%), (b) Hu/PANI@Ni,03

(Reproduced from Abukhadra et al., 2018277 (Open Access)).
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Fig. 4 Synthesis of PANI-based ternary composite using in-situ polymerization: (a)
composite (Reproduced with permission from Shankar et al, 202127),

PAN@ZnONPs/MOF (Reproduced with permission from Shoueir et al., 2020281).
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Fig. 5 Synthesis of PANI-based ternary composite using solvothermal method: (a)
NiO@PANI/RGO through the microemulsion solvothermal method (Reproduced from Ahuja
et al., 2018%%* (Open Access)), (b) PANiI/CNT/TiO, through the hydrothermal and sol-gel

method (Reproduced with permission from Huang et al., 20173%7).
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Fig. 6 (a) Electronic band structure of a semiconductor. (b) Position of the valence band (VB)

and conduction band (CB) of various visible-light-driven photocatalysts with respect to the

redox potential of *OH and *O," (Source: Table S1).
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Fig. 7 Various mechanisms based on the type of heterojunctions: (a) Type-I, (b) Type-II, and
(c) Type-III. Subtypes of staggered band gaps. (d) p-n heterojunction before: (i) before contact,
(i1) after contact, (iii) and light irradiation. (e) IEF driven Z-scheme, (f) Z-scheme, and (g) S-

scheme.
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Fig. 8 PANI employed primarily as a photosensitizer in ternary composite, (a)
PANI/FeBiOCI (Reproduced with permission from Tanwar et al., 2017°'"), (b) PANI-
Fe;04@Zn0O (Reproduced with permission from Zhang et al., 20162%3%), (¢) PS/PANI/CeO,
(Reproduced with permission from Chen et al., 2022319, and (d) TiO, @CS-PANI

(Reproduced from Palliyalil et al., 20222% (Open Access)).
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Fig. 9 PANI employed primarily as a charge carrier bridge (mediator) in ternary composite: (a)
g-C3N4/PANI/a-MnO, (Reproduced with permission from Chopan and Chishti, 20233%), and

(b) MIL-88B@COF-200@10%PANI (Reproduced with permission from Lv et al., 20212%4).
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Fig. 10 PANI employed as a stabilizer in ternary composite in (a) Core-shell TiO,-DPA-PANI
nanocomposite (Reproduced with permission from Mousli et al, 2019313) (b)
Ag;PO,@MWCNTs@PANI  (Reproduced with permission from Lin et al., 2019%75)
(c)AgzPO4/PANI/Cr:SrTiO; (Reproduced with permission from Yu et al., 2020%7), and (d)

Cu,0/ZnO-PANI (Reproduced with permission from Mohammed et al., 20213%8).
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Fig. 11 Application of PANI-based ternary composite for the photodegradation: (a) dyes

(Source: Table S2), (b) pharmaceutically active compounds (Source: Table S3), (c¢) phenolic

compounds (Source: Table S4), and (d) others (Source: Table S5).
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The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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