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Water contamination by highly toxic substances has generated serious ecological disturbances and health
problems for humans. Hence, decontamination of toxic pollutants using advanced, inexpensive, and eco-
friendly approaches is the current demand. Heterogeneous catalyst-based catalytic reduction processes
have offered the opportunity to transform hazardous water pollutants into non-hazardous products via
sustainable, eco-friendly, and efficient routes and might be a competitive substitute for existing
traditional water purification techniques. However, the key challenges linked with pure heterogeneous
catalysts include agglomeration and poor dispersion, stability, recovery, and reusability, which result in
poor activity and efficiency. Thus, it is essential to produce multipurpose polymer-based composite
catalysts using conducting polymers, which are exceptionally good supportive and matrix materials. The
blending of metal-based nanomaterials with polyaniline conducting polymers produces highly stable and
efficient heterogeneous nanocomposite catalysts with amazing catalytic activity against a wide range of
water pollutants. The heterogeneous catalytic reductive degradation of immensely toxic pollutant water

has gained substantial curiosity because of its excellent physicochemical and surface characteristics,

iig:g&igﬁiﬁgﬁ?gém porous structure, recoverability, and recyclability. Therefore, this review presents the latest efforts to
generate various polyaniline-based nanocomposite catalysts using a polyaniline matrix and various

DO 10.1039/d4ra02550d nanofiller materials and their potential applications in heterogeneous catalytic reduction degradation of
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1. Introduction

Water does not have any nutritional value but is essential for the
survival of all living creatures. Currently, water shortage and
purity have become critical and challenging tasks worldwide.
However, 70% of Earth is covered with water, but approximately
3% of this water is fresh and adequate for drinking." The fast-
growing population across the globe and intensified level of
industrial and urban activities have introduced a new stage of
stress to the supply of fresh water.*® It is estimated that by 2025,
approximately 50% of the total global population will struggle
for drinking water.> Moreover, the continuous decline of water
quantity and quality has significantly influenced the advanta-
geous applications of water. This has demanded highly effi-
cient, inexpensive, eco-friendly, and effective water purification
processes to discard toxic water pollutants and improve water
quality to the recommended levels of regulatory bodies. It is
observed that traditional water treatment processes are mainly
designed to remove bio-organisms such as bacteria, viruses,
and protozoans or inactivate them using chemicals to trim
down the threats of water-borne diseases.> However, various

Department of Chemistry, University of Rajasthan, Jaipur 302004, India. E-mail:
parmeshwar1978@gmail.com

© 2024 The Author(s). Published by the Royal Society of Chemistry

challenges are still associated with the above-mentioned tech-
niques. For instance, physical treatment methods, such as
adsorption and air stripping processes generate waste or
sludge, which needs to be further treated, and in chemical
methods, the formation of toxic byproducts is a significant issue
due to poor selectivity for targeted pollutants.*” Biological
methods consume a longer time; however, they are widely
employed and maintain a long-term activity.® Additionally, the
toxicity of discharged pollutants inhibits the activity of biolog-
ical processes in some cases.’ The limitations associated with
traditional methods and the progressive contraction of water
standards and guidelines® have inspired research communities
to discover new, green, and efficient water treatment methods.

Compared to the traditional approaches for water treatment,
the use of advanced reduction techniques (ARTs), which include
the catalytic reduction of pollutants, is favored to convert highly
toxic pollutants into less hazardous or nonhazardous products.”
The reductive degradation is one the most efficient and signif-
icant traditional processes to eliminate the noxious and carci-
nogenic pollutants from polluted water."'> However, catalysis
is largely concerned with the chemical industry but not as
a water treatment technique.” Currently, the catalytic reduction
method of water purification is widely investigated at the
laboratory and field scale and displayed thrilling results in both
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groundwater and industrial wastewater treatments.** The
chemical reduction process shows better activity and greater
selectivity, generates less or non-toxic products and more
eagerly eco-friendly products,™ and consumes fewer reagents.>
Based on the physical state of the utilized catalyst, the catalytic
reduction process can be categorized as a homogeneously and
heterogeneously catalyzed reduction process; when the solid
catalyst is utilized, it is called heterogeneous catalytic reduc-
tion," and in homogeneous catalysis, a liquid phase catalyst is
utilized. Usually, heterogeneous catalysis in water treatment is
preferred because the isolation of the utilized catalyst in
homogenous catalysis of water pollutants is technically and/or
economically unfeasible and the soluble catalyst can generate
serious ecological issues. In heterogeneous catalysis, the cata-
lyst can be recovered via filtration, centrifugation, or other
approaches easily, and a small amount of catalyst can effectively
speed up the water purification process.® The commonly
explored heterogeneous nano-catalysts in catalytic reduction
processes are metal-based nanomaterials that exhibit extraor-
dinary reduction potential against various water pollutants
under normal reaction conditions. However, pure metal-based
catalysts (metal and metal oxide NPs) suffer from serious
drawbacks, such as poor stability, aggregation, dispersion,
recovery, and reusability. Hence, to overcome these limitations
and advance the characteristics of pure catalysts, they are
immobilized and blended with effective supporting materials,
such as polymers, carbon-based materials, and silica. Among
polymers, conducting polymers (CPs) have been extensively
explored as supporting materials for numerous nanomaterials.
Polyaniline (PANI) is a well-known CP with distinctive combi-
national features because of its effective electronic character-
istics and good chemical and photostability, making it
a suitable candidate for various uses in multi-disciplinary
fields."*® Using PANI as a supporting matrix or shelter to
various nanomaterials, different types of binary, ternary, and
quaternary heterogeneous catalysts have been produced with
significantly improved features and effectively utilized for the
catalytic degradation of various water pollutants in the presence
of a reducing agent. The current review presents the categori-
zation of PANI nanocomposites as binary, ternary, and quater-
nary composites (Fig. 1), their synthesis utilizing different
synthesis techniques, and their application as heterogeneous
catalysts for the catalytic reduction degradation of various toxic
water pollutants. Moreover, this review study will help in
understudying new findings of the heterogeneous catalysis
process, adding new aspects to the literature, and presenting
information to the public to thrill them for the potential prac-
tical application of this technique for water treatment.

2. Characteristics of polyaniline and
its synthesis

Historically, PANI was first prepared 190 years ago in 1834 by
heating aniline nitrate with CuCl, at 100 °C on a porcelain

plate.” Since then, it has become the most widely studied
conducting polymer due to its facile and simple preparation
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Fig. 1 Different types of polyaniline nanocomposite heterogeneous
catalysts.

process,” and extensive acid-base doping and dedoping
ability.”* PANI is a heterogeneous and semi-crystalline polymer
in which an ordered section (crystalline) is dispersed in
a disordered section (amorphous). The crystalline part is con-
ducting and metallic, whereas the amorphous part is non-
conducting and nonmetallic, and the crystalline region is
accountable for the conducting nature of PANL>* PANI is
a homopolymer of aniline monomer that exists in three basic
forms, which are structurally differing and show different
oxidation states. These states are leucoemeraldine base (LEB),
emeraldine base (EB), and pernigraniline (PNB) (Scheme 1). The
PANI backbone structurally consists of aromatic diamine
functionalities quinoid and benzenoid in a well-ordered
manner. Among the PANI forms, the emeraldine form
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Scheme 1 Various forms of polyaniline showing benzoid and quinoid
units.
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consists of both benzoid and quinoid units, half oxidized,
neutral in undoped form while cationic in doped form, and has
polaron and bipolaron structures.”® It is regarded as most
suitable for doping due to its higher stability.** The leucoe-
meraldine form is completely reduced and structurally consists
of benzoid units, and pernigraniline is fully oxidized and
consists of benzoid and quinoid units.>® The acid doping or
protonation of EB produces polaron or bipolaron structures.>

PANI is prepared via polymerization of an aniline monomer
using various methods. Frequently, the method used for PANI
synthesis is chemical oxidative polymerization (COP) of aniline
in an acidic medium, using various oxidizing agents, and acids
(organic or inorganic acids) as dopants. The most frequently
employed oxidizing agents are ammonium persulphate (APS:
(NH,),S,05) and Fe(ur). However, other oxidizing agents such as
transition metal ions, such as Mn**, Mn®", Mn"", Cr®*, Ce**, V**,
and Cu®’; noble metal compounds, such as Au®", Pt*", Pd*", Ag",
KIO;, H,0,, and benzoyl peroxide; a mixture of oxidants FeCl,/
H,0, and KIO3/NaClO; in situ produced oxidants (Mo>*
compounds); enzymes such as horseradish peroxidase and
oxidoreductase with H,0,; laccase with K;[Mo(CN)g]; and Fe(u)
salts are also utilized.** Through this procedure, PANI is ob-
tained in the precipitate (solid powdered) form in morpholog-
ically different nanostructures, such as fiber, particle, sphere,
rod, sheet, thread, tube, and micelle flower. The oxidation of
aniline is influenced by several factors, such as concentration of
oxidant, concentration of monomer, reaction medium, dura-
tion of the reaction, and temperature.>®

Besides this procedure, other methods are also employed for
the synthesis of PANI, including solid-state polymerization,>**
electroless polymerization,* electrochemical oxidative poly-
merization,**** plasma polymerization,®® sonochemical,*
photoinduced polymerization,* solution polymerization,*
colloidal dispersion polymerization,* seed polymerization,*®
self-assembling polymerization,®” metathesis polymerization,*®
interfacial polymerization,*** template synthesis,*"** enzymatic
synthesis,** and emulsion polymerization,** as shown in Table
1. The electrochemical oxidative polymerization (EOP) proce-
dure is carried out by passing an electric current through an
inert electrode immersed in an acidic aniline solution in which
polymerization of monomers occurs on the surface of the
cationic electrode as a thin film. The EOP process of aniline is
usually performed under constant conditions of potential
(potentiostatic), current (galvanostatic), and potential
sweeping/scanning. The electrode (anode) material utilized is Pt
or glass,” and many other materials, such as Fe,"” Cu,*® Au,*
graphite,® vitreous carbon,” and stainless steel***' are also
explored as electrode materials in the EOP process of PANI
synthesis.

3. Synthesis of polyaniline
nanocomposites

Usually, polymer-based nanocomposite formation is carried out
using in situ or ex situ polymerization procedures,** as shown in
Fig. 2. The in situ process includes the synthesis of a composite
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simultaneously combining the filler nanomaterial and poly-
merization of the monomer because the nanomaterials are
excellently dispersed in the matrix phase, while in ex situ poly-
merization already prepared PANI is mixed with nano-
materials.>® Thus, in the ex situ process, nanocomposites are
prepared with poor dispersion, lower density, and non-uniform
distribution of particles in the matrix,>* while in the in situ
process, homogeneously dispersed composites with a higher
density are prepared. During the synthesis process, the nano-
composite particles can be adorned at the surface of the poly-
mer or immobilized in the polymer matrix.>* The deposition of
nanomaterials on the surface of the polymer is cost-effective,
creates higher active sites, improves surface properties, and
reduces particle agglomeration, and it can be achieved via
plasma polymerization, chemical vapor deposition, grafting,
and dip-coating processes; however, there is a greater possibility
of leaching of nanomaterial particles.”*®

Although the distribution of nanoparticles inside the poly-
mer matrix reduces the leaching of particles from the matrix
and improves the recoverability of particles, agglomeration may
be higher,*** and it can be achieved via in situ techniques that
may be in situ polymerization or sol-gel process.* The in situ
polymerization process entails a controlled immobilization of
elected nanomaterial with the pure monomer solution before
succeeding polymerization.** Except in situ and ex situ routes,
physical mixing of polymeric structure (such as PANI) and
nanomaterials already prepared are mixed by milling, solution,
or melt mixing procedures. However, the components in the
nanocomposite materials derived through this method are
associated with weak physical interactions and thus possess
poor attractions. All the processes adopted for the synthesis of
PANI-nanocomposites are based on these three synthesis
routes. The commonly employed synthesis methods of PANI-
nanocomposites are summarized in Table 2.

4. PANI nanocomposite
heterogeneous catalysts for
degradation of water pollutants

Several contemporary studies have discovered that homogenous
and heterogeneous catalysis processes are incredibly competent
in eradicating pollutants.””? In the homogenous or heteroge-
neous catalytic reduction process of various environmental
pollutants, metal complexes or metal nanoparticles, particularly
noble metal NPs, are usually employed.”’* Although in
comparison to homogenous catalysts, the heterogeneous cata-
lysts are more significant due to their non-solubility in solvents,
providing wide surface support to reactants, greater stability,
and good reusability.”

Due to a higher surface-to-volume quotient, the metal NPs
show the unique ability of heterogeneous and homogenous
catalysis potential during catalysis reactions. Heterogeneous
catalysts display good revitalization and reusability features,
while homogeneous catalysis shows excellent selectivity and
comparatively small catalyst loadings.”® Therefore, in many
catalysis reactions, the applicability of metal NPs significantly

RSC Adv, 2024, 14, 26801-26819 | 26803
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Synthesis technique

Description

References

Colloidal dispersion polymerization

Solid state polymerization

Electroless polymerization

Electrochemical oxidative polymerization

Plasma polymerization

Sonochemical

Photoinduced polymerization

Solution polymerization

Seed polymerization
Self-assembling polymerization

Metathesis polymerization

Interfacial polymerization

Template synthesis

Enzymatic synthesis

Emulsion polymerization

Chemical oxidative polymerization

increased in current times,’”” and in catalysis processes, the use
of metal nanoparticles stems as a potential contender in various
catalytic reactions due to their remarkable catalytic potential
owing to specific crystalline features and higher specific surface
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Aniline polymerization produces a water-soluble
polymer, which produces colloidal PANI
particles instead of precipitation. Macroscopic
precipitation is prevented by using a steric
stabilizer

Polymerization of aniline at the solid surface
occurs on the surface of reactant molecules
Polymerization of aniline without applying
external potential in the acid medium in the
metal surface (Pt, Pd) via an electrochemical
pathway in which reduction of dissolved O, and
oxidation of aniline take place via cathodic and
anodic half-reactions, respectively, at the
interface of metal/solution

Aniline polymerization in an acidic solution by
passing of current without using an oxidant
produces homogeneous and pure products as
film

Injection of aniline in plasma produced by a DC
glow discharge in which electrons or ions
present in plasma induce polymerization, and
polymerization takes place in solvent and
chemical oxidant-free conditions
Polymerization of aniline with drop-wise
addition of oxidant under ultrasonic irradiation
conditions produces PANI with higher solubility
and scalability

Polymerization of aniline in the presence of
transition metal salts on illumination with light
radiation produces PANI in composite form
Electo- or chemical polymerization of aniline in
the solvent in which the produced PANI is
obtained in solution form

Polymerization of aniline is carried out in the
presence of foreign material (seed)
Polymerization of aniline vapor on oxidant-
coated substrate surface as PANI film
Obtaining PANI without using aniline by
heating 1,4-dichlorobenzene in organic solvent
(benzene) for 12 h at 220 °C with sodium amide
Aniline polymerization is carried out at the
interface of two immiscible solvents using acid
dopant and oxidant with a construable and slow
polymerization rate

Polymerization of monomer into the polymer in
compliance with information received from the
template present in the reaction mixture
Polymerization of aniline is carried out by
enzyme at low temperature and neutral pH
producing small chain length PANI with a lower
degree of doping

Polymerization of monomer in a water-
dispersed phase which is dispersed in an
aqueous phase that contains a surfactant
Polymerization of aniline monomer is initiated
by a chemical oxidant in an acidic solution that
produces a bulk product in a short time

22

27 and 28

29

30 and 31

32

33

34

35

36

37

38

39 and 40

41 and 42

43

44

45 and 46

area.”® However, the high surface area and surface energy due to
their small size enable them to form aggregates and generate
large-sized particles so that they can minimize surface energy,
which accordingly reduces their catalytic ability.”” Noble metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Polyaniline nanocomposite synthesis routes.

NPs are frequently used NPs in catalytic reduction processes
because of their exceptional physicochemical traits and the
presence of a wide number of binding sites due to the presence

Table 2 Synthesis procedure for the polyaniline nanocomposite
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of bare atoms,**** large surface area, and lower size.*> However,
noble metal catalysts exhibit low mass transport rate, unstable
deactivation, and deficient catalyst use coefficient are other
challenges that limit their application.®* Thus, under numerous
conditions, the use of metallic nanoparticles would stumble
upon the aggregation of NPs owing to the higher surface energy
in a smaller size,*** poor separation and recovery from the
reaction medium,’® and lower stability and reusability, resulting
in poor activity and complications in sustainable use.
Numerous methods have been adopted and executed to over-
come these limitations of pure metal-based nanoparticle cata-
lysts, among which the immobilization of metal nanoparticles
on the solid supporting surface has been considered an effective
mechanism,** helping in the reduction of agglomeration of
nanoparticles and isolation from the reaction medium.
Embedding or immobilizing pure metal NPs into the polymer
matrix may improve the reaction rate.*® Various conducting
polymers have been explored as supporting surfaces for
immobilizing pure metal-based NPs, such as PPy and PANI.
Among them, PANI is a widely studied and utilized conducting
polymer as a supporting surface for immobilizing metal-based
nanoparticles owing to its strong interaction with metal-based
nanomaterials, and it has drawn vital interest in research due
to the various effective immobilization of the metal NPs.*

Preparation method Description

Reference

In situ polymerization

Already fabricated nanomaterials are mixed in 60

an acidic solution of aniline monomer. Next,
polymerization is initiated by the drop-wise
addition of an oxidant solution under constant
stirring conditions, generating

a nanocomposite with better dispersal of
nanomaterials in the PANI matrix

Electrochemical polymerization

Pre-synthesized nanomaterial is dispersed in an 61

aqueous/solvent solution of aniline that
possesses a dopant, and the polymerization
reaction of aniline is commenced by passing the

current
Thermal reflux

Refluxing nanomaterial precursor and aniline in 62

a suitable solvent at the apposite temperature
generates PANI nanocomposite

Mixing

Physical mixing of pre-synthesized 63

nanomaterial and PANI vig milling, solution (in
the same solvent or different solvents), or melt

mixing
Sonochemical polymerization

Pre-synthesized nanomaterial is mixed in an 64

aniline solution through ultrasonication and
the polymerization reaction is initiated by
adding of oxidizing agent

Chemical vapor deposition

Vapor phase polymerization of aniline 65

monomers on the surface of a substrate that is
coated with oxidant and nanocomposite
obtained in the film form

Electrospinning

Formation of fibrous composite using a micro 66

syringe pump by applying a voltage

Hydrothermal method

Interfacial polymerization

Formation of composite via hydrolysis at high 67
temperature
Polymerization in a biphasic system, i.e. an

68 and 69

aqueous/organic that splits the byproducts
upon the basis of their solubility

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Moreover, as a shell material, PANI has largely studied con-
ducting polymer due to its distinctive electrical features, and
the presence of effective anchoring sites for metal ion binding,
which helps in the prevention of aggregation, easy synthesis,
ecological stability, and biocompatibility, is another charis-
matic feature of PANL.”*>** Since 1989, when the first report on
the catalytic reduction of water pollutants was published,”
various research groups reported numerous studies for the
reduction of pollutants.>** The key aimed water contaminants
in the catalytic reduction studies are organic dyes (RhB, MO,
CR, MG, EY, and MB), nitro- and nitroso-compounds (nitro-
phenols, trinitrotoluene, RDX, and NDMA), organic halides
(bromi/chlori/fluorinated hydrocarbons), and hazardous oxy-
anions.” In the catalysis process, metal NPs lower the kinetic
barrier for redox reactions and the decomposition of water
pollutants.®>*¢

PANI in pure form with dopants can act as a catalyst due to
its ease of conversion of benzenoid and quinoid rings in the
PANI chain; however, its activity is comparatively low. PANI
nanofibers are prepared using granite waste as an oxidant for
the catalytic degradation of water pollutants, particularly 4-
nitrophenol (4-NP) and Rhodamine B (RhB) dye, in the presence
of NaBH,. The reduction processes of 4-NP and RhB dye were
completed in 40 and 5 min, with reaction rate constants of
0.0488 and 0.958 min ™", respectively.”” This reflects that pure
PANI can act as a catalyst for the reduction of pollutants but
suffers from poor activity.

PANI in comparison to conventional supporting materials
for metal-based NPs is beneficial due to facile and inexpensive
large-scale synthesis using oxidants, and the synthesis process
can be made efficient using clean oxidizing agents, such as
H,0, and molecular O,. Moreover, PANI properties can be
modified by introducing various functionalities, making it
a versatile support compared to inorganic materials. Using
PANI as a supporting material for metal NPs, mainly noble
metals (Au, Ag, Pd, and Pt), numerous composite catalysts have
been produced and successfully explored for the degradation of
various organic and inorganic chemical pollutants as well as
biological water pollutants. Usually, the preparation of hybrids
of noble metal NPs and conducting polymer can be achieved
through in situ polymerization of monomer in the presence of
metal NPs,***% simultaneous reduction of metal ions, poly-
merization of aniline monomer with and/or without using
oxidant,'***** direct blending of CP and metal NPs,”®1%1% jp sjtu
reduction of noble metal ions by CP.,*”**>'° one-pot synthesis
of CP and noble metal NPs,'” y-radiolysis process in which the
reaction mixture is exposed to vy-rays.,'*®'* interfacial poly-
merization in which a biphasic system i.e. an aqueous/organic
phase splits the byproducts upon the basis of their solubility
is utilized,"° electropolymerization that proceeds by passing
electric current in the reaction mixture of aniline and metal ion
or NPs using solvent,"*"? template-based synthesis process
utilizing structure-guiding models to state the physical features
of the resulting nanocomposite,"** and self-assembly including
physically mixing and/or grinding of PANI and metal NPs."**

PANI nanocomposites prepared via different methods using
various nanomaterials, such as metal NPs, carbon materials,

26806 | RSC Adv, 2024, 14, 26801-26819
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organic materials, and polymeric substances, are frequently
utilized for the treatment of water in various ways, including
heterogeneous catalytic degradation,” and other processes
which include the photocatalytic degradation of pollutants
using photocatalysts under light exposure,*'** adsorptive
of pollutants using composites as adsorbent
materials,”***® nano-filtration of pollutants using PANI-based
materials as membranes,'”*™* sensing of pollutants using as
sensors,*>™* and disinfecting water from bio-organisms
employing PANI composites as antimicrobial agents'>'%¢
(Fig. 3). Among them, the application of PANI nanocomposites
as heterogeneous catalysts for the catalytic reduction of toxic
water pollutants into less and/or non-toxic products has drawn
immense attention. Using different types of metal-based
nanomaterials, various PANI binary nanocomposites have
been developed, as summarized in Table 3 and efficiently
utilized as heterogeneous catalysts for the catalytic reduction of
various water pollutants, such as nitroaromatics, organic dyes,
pesticides, metal ions, and phenolic compounds.

The in situ polymerization process produces amorphous
nanocomposite in which nanoparticles are homogeneously
dispersed in a polymer matrix, but the unreacted reactant
present with nanocomposite may affect its characteristics.**”
Through the in situ reduction process, the metal NPs are present
at the surface of CP instead of embedded in the matrix; hence,
they are available for direct interaction with the substrate, thus
demonstrating good heterogeneous catalysis,””'*® and the
catalytic activity of the nanocomposite catalyst depends on the
size of metal NPs.' Chen et al.** synthesized PANI/Pt hybrid
nanocomposite catalyst via an in situ reduction process in which
Pt®" ions were reduced by citric acid doped PANI into small-size
Pt NPs at the surface of PANI and dispersed uniformly, which
exhibited excellent heterogeneous catalytic activity for the
reduction of nitroaromatics, high reusability, and durability
(Fig. 4). Through the direct blending process of CP and metal
NPs, noble metal NPs can be deposited on the PANI surface of
composites.**

To provide support to Au NPs, Sun et al.** reported Au NPs
immobilized in PANI microtube (PANI/Au) composite via
a template-free process that demonstrated effective catalysis of
nitrophenols in the aqueous medium due to the higher surface
area of microtubes and better dispersion, and the effective
prevention of agglomeration of Au particles enhanced the
stability and recovery potential of Au NPs (Fig. 5(a)). The
nitrophenol reduction activity was observed in the order of 3-NP
> 2-NP > 4-NP. A binary Au encapsulated (AuNP-PANI) water-
soluble nanocatalyst was synthesized in a two-step process
through the formation of micelle for stabilization of PANI NPs
using surfactant CTAB, and the produced AuNP-PANI catalyst
showed effective reduction for CR and MB dyes.*® Similarly,
a binary PANI/Au heterogeneous catalyst was prepared via
interfacial polymerization using AuCl,” as a source of Au NPs
for the catalytic reduction of RhB dye. The AuCl, initiated the
polymerization of aniline, and itself was reduced into Au NPs
deposited on the surface of PANL'> Pd NP-loaded binary
PAd@PANI catalyst with a very low amount of Pd NPs was
produced via joint method interfacial polymerization and in situ

removal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Application of polyaniline-based nanocomposites in different water treatment procedures.

Table 3 PANI-based binary heterogeneous catalysts for catalytic reduction of pollutants®
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PANI nanocomposite Pollutant type Catalyst dose Rate constant Time References
PANI/Ni(0) BG 0.025 g 0.113 min~* 120 min 82
Au-PANI MB 1 mg 33 x10%s ! 10 min 83
CR 1 mg 30 x 10 25" 10 min
PANI/Au 4-NP 0.0315 g 11.8 x 107 s7* 270's 84
3-NP 0.0315 g 28.9 x 10 *s ! 90 s
2-NP 0.0315 ¢ 223 x 107° 57" 100 s
PANI/Ag 4-NP 2.7 mg 21 x 10 s ! 3 min 115
PANIsphere-Ag 4-NP 15.27 16 x 10> min~* 23 min 116
PANI/Bi, O3 4-NP 01g — 15 min 117
Pd-PANI 4-NP 30 pL 20 x 10 35! 4 min 118
MB 29 x 1077 s 2.5 min
PANI/Ag 4-NP — 9.5 x 10 % s " — 119
Pd/PANI 4-NP 30 mg 6.4 x10 s ! 40 min 120
PANI/Pt 4-NP 0.4 mol% — 120 min 121
Ag-PANI 4-NP 1 mg 39x10°%s7! 300 s 122

@ Catalyst dose amount (g = gram, puL = microlitre, mg = milligram, and mol% = mole percentage), reaction time (min = minute and s = second).

process using camphor sulfonic acid ((+)-CSA) as a dopant, and
the obtained catalyst displayed effective reduction potential for
nitroarenes in a water solution with a small quantity of reducing
agent NaBH,. The PA@PANI catalyst exhibited good reusability
and stability for numerous cyclic reuses, and the reused catalyst

© 2024 The Author(s). Published by the Royal Society of Chemistry

demonstrated an improved catalytic rate (11.2 x 10~ s7)
compared to the fresh catalyst (6.4 x 10™* s7').12°

A phytic acid (PA) used as a dopant and crosslinker Ag NP-
immobilized PANI nanocomposite recyclable (PANI/Ag) cata-
lyst with a 3D structure was fabricated via an in situ redox
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Fig. 4 Reduction of Pt®* ions into Pt NPs.1%®

reaction between silver nitrate and PANI. The characteristic 3D
porous structure of the prepared catalyst is formed by good
dispersion of Ag NPs in the coral-shaped PANI, demonstrating
remarkable catalytic performance toward 4-NP with a fast rate
of reduction reaction (9.5 x 10> s~ ') due to constructive mass/
electron transfer of the 3D porous structure and good attraction
of Ag with PA; additionally, the magnetic features improve
catalyst recyclability using an external magnetic field and
retained high-level activity of up to six cyclic runs.*® In another
study, Chang et al'® prepared an Ag/PANI composite by
depositing Ag NPs on the supporting surface of PANI achieved
by in situ chemical reduction of AgNO; and further utilized for
the catalytic reduction of 4-NP. The reduction of 4-NP occurred
on the surface of Ag/PANI due to the stacking of 4-NP via -
interactions with PANI, which is not possible with pure Ag NPs.
Ni NPs are utilized as catalysts for the degradation of various
pollutants owing to their eco-friendly nature, better electron-
donating potential, excellent magnetic characteristics, and
inexpensiveness. However, as a Fenton-type heterogeneous
catalyst, Ni NP application is limited due to the lower stability
and formation of aggregates. Various nanomaterials have been
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successfully used as supporting materials for Ni(0) NPs,
resulting in catalytic applications in numerous reactions.
Bhaumik et al.®* developed Ni(0) metal NPs supported on
a nanotubular porous PANI matrix (PANI/Ni’ NCs) nano-
composite catalyst (illustrated in Fig. 5(b) (SEM image) and
Fig. 5(c) (TEM image)) via a reductive formation process that
exhibited Fenton-like catalytic activity for the BG dye in water
samples in the presence of H,0,. The PANI/Ni’ NC catalyst
exhibited supremacy compared to pristine Ni® NPs for BG
degradation and degraded 100% of the BG dye within 120 min.
Moreover, it retained its activity (100%) in five cyclic
experiments.

Ultrafine Pt NPs immobilized on surfaces of PANI nanofibers
catalyst (PANI/Pt) were fabricated via a facile solution proce-
dure. The Pt NPs were deposited on PANI fibers via an in situ
reduction process, and the catalyst illustrated greater activity
against nitrobenzene and showed excellent stability, reusability,
and durability.**® Ag NPs loaded on citric-acid (CA)-modified
PANI catalyst (Ag@PCA) were produced through an in situ
reduction process and utilized for the reduction of nitro-
phenols. The obtained electrocatalyst showed effective activity
for the oxidization of 2-NP and 4-NP."** Pd NPs immobilized
PANI (Pd-PANI) catalyst prepared using surfactant-based liquid
crystalline mesophase by employing chemical oxidation, fol-
lowed by in situ radiolytic reduction of Pd*>" ions on the PANI
nanowire surfaces. The developed catalyst demonstrated good
reduction potential against 4-NP and MB dye due to the effective
immobilization of Pd NPs and homogenous dispersion and
showed better stability.""® Metal oxides, such as CuO"* and
Bi,03,*>"¢ alone have been explored for the catalytic degrada-
tion of numerous water pollutants. Recently, green synthesized
CuO NPs utilized for the reduction of 4-NP*** and biogenic pure
Bi,0; (ref. 145 and 146) demonstrated effective catalytic ability
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(a) Synthesis scheme for PANI microtubes and the PANI/Au catalyst,®* (b) SEM and (c) TEM image of PANI/Ni® NCs,%2 and (d—g) TEM images
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for nitroaromatics and organic dyes, similar to Ag,0 in pristine
form or as a composite utilized for catalytic reduction of
nitroaromatics and dye pollutants.'”” However, in pure form,
metal oxide NPs demonstrate relatively poor activity, recovery,
reusability, and stability. By providing support or immobilizing
with polymeric materials, especially PANI polymers, the activity
of metal oxide NPs can be enhanced. For instance, immobili-
zation of Bi,O; NPs in PANI (PANI/Bi,0;) significantly empow-
ered the reduction ability of Bi,O; for 4-NP in an aqueous
medium and reduced about 95.4% of 4-NP within a short time
(10 min) by a small amount of catalyst (0.1 g) and also enhanced
the stability of Bi,O; particles.""”

However, the application of PANI as a support material
suffers from recovery and reuse issues.” This limitation can be
overcome by introducing magnetic characteristics to the PANI-
supported metal-based NPs, which can be easily and effec-
tively isolated and recovered by applying an external magnet.
Producing magnetic characteristics in the nanoparticles by
supporting magnetic materials prevents particle aggregation
and causes ease of isolation and revival from the reaction
solution by applying an external magnetic field.”® However, in
an acid solution, the magnetic material particles exhibit poor
stability and may react with catalyst(s) to be immobilized or
even with the substrate; thus, their surface should be covered by
forming a core-shell composite structure in which the shell can
effectively protect the magnetic core particles. For the shielding
of the magnetic core, numerous materials, such as carbon,
silica, TiO,, other inorganic materials, and polymers, are widely
utilized and have successfully helped in the prevention of
corrosion, enhanced interaction, and improved inertness and
stability. However, the use of polymeric shells enhances
stability and magnifies the biocompatibility and solubility of
magnetic material particles in water.”*'*® PANI is one of the
most widely studied and employed polymer materials as a shell
for magnetic and other cores.”

In recent years, extensive research has been carried out on
the development of magnetic and nonmagnetic PANI-supported
metal-based ternary and quaternary nanocomposite catalysts
for water treatment. A few of them that have been successfully
employed for the catalytic degradation of various pollutants are
listed in Table 4. For example, bifunctional Au immobilized
Fe;0,@C (Fe;0,@C@Au) composite microspheres developed
by coating Au NPs on the surface of functionalized Fe;O,@C
microspheres showed excellent degradation ability for MB dye
due to synergistic effects of small particles of Au NPs, excellent
adsorption tendency of C-layers and better dispersion of the
microspheres. The Fe;0,@C@Au catalyst degraded MB dye
with a reaction rate of 0.331 min~'.'*® Chen et al.” protected the
magnetic core using a PANI polymer shell and prepared Fe;-
0,@PANI core-shell nanostructure via an in situ polymerization
process, which was utilized as solid support for Au nano-
particles to produce Fe;O,@PANI@Au composite catalyst. The
Au NPs were adsorbed on the PANI surface via electrostatic
interactions. The magnetic core shell-supported Au-based
composite catalyst prepared in this way was utilized for the
reduction of CR dye using NaBH, as a reducing agent. After
completion of the reaction, the utilized catalyst was separated

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and recovered effectively via an external magnetic field. Within
6 min of reaction time, the CR dye was reduced by 10 mg of
catalyst, and it demonstrated good activity for up to five cyclic
uses without losing significant activity. Ternary magnetic PANI-
supported Ag (MnFe,0,@PANI@Ag) nanocatalyst synthesized
via a simple reflux process demonstrated good activity for the
degradation of organic dyes MO, EY, MB, and RhB in the
presence of NaBH,; converted into colorless non-toxic forms
quickly within 9, 16, 7, and 23 min, respectively; easily recovered
via magnetic separation and exhibited good activity up to four
cycles of reuses. The magnetic core and PANI fibrous linker
shell effectively stabilized Ag particles with good dispersion and
minimum aggregation."*® Zhang et al.'® used cobalt spinel
(CoFe,0,) as a magnetic core material to produce ternary core
shell CoFe,0,/PANI/Au nanocomposite catalyst for the catalytic
reduction of 4-NP, which demonstrated excellent catalytic
reactivity (100% reduction after 8 min) in a short time, and good
recovery and stability.**

Zhu et al®™° synthesized core-shell magnetic Fe;0,@-
PANI@Au nanocomposite catalyst via electrostatic self-
assembly and seed growth processes that exhibited good
reduction potential for organic pollutants (4-NP, MO, MB, and
RhB) and inorganic pollutant (Cr(vi)) in an aqueous medium
and demonstrated good stability, recovery, and reusability. Via
controllable coating of PANI, Jin et al.** prepared a magnetic
ternary Au@Fe;0,@PANI nanocomposite catalyst for the cata-
lytic reduction of 4-NP using NaBH, as the reducing agent. The
presence of PANI and iron oxide showed good stability and
recyclability and improved the catalytic performance of Au NPs
owing to their synergetic effects. The catalyst reduced 4-NP with
a high rate of reaction and demonstrated excellent reusability of
up to 10 cycles. Moreover, Fe;0,@PANI@Au exhibited good
selectivity toward the degradation of cationic dyes and rapidly
degraded CR dye. Bioinspired reduction of Au®" ions using
plant Allium sp. extract at the surface of magnetic core-shell
Fe;0,@PANI nanocomposite generated Fe;O,@PANI-Au cata-
lyst for reduction of hazardous dyes MB and MO using reducing
agent. With a small amount of biosynthesized catalyst (1 mg
and 2 mg), the dyes were reduced in a very short time. In the
presence of 1 mg of catalyst dose, the MB and MO dyes took 50
and 60 s, respectively, while with 2 mg of catalyst dose, they
decolorized in 60 and 80 s, respectively. The catalyst retained its
activity for a long time (up to 8 cyclic reuses) and displayed good
stability.**>

Core-shell composite structures that possess a movable core
inside a hollow capsule represent yolk-shell structures; they are
extensions of conventional core shell structures.**'*' In
comparison to traditional core shell structures, empty parts of
yolk-shell structures possess a higher unoccupied space, low
density, and a greater surface area. Various types of yolk-shell
composites composed of a magnetic core and a functional shell
have drawn wide attention as catalyst-supporting structures.
The outer shell of yolk-shell type composite structures
demonstrating greater surface area and effective dispersion
features enables them to provide better support to the catalyst
and maximize their catalytic potential to metal NPs.

RSC Adv, 2024, 14, 26801-26819 | 26809
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Table 4 PANI-based ternary and quaternary heterogeneous catalysts for catalytic reduction of pollutants®

Pollutant
PANI nanocomposite type Catalyst dose Rate constant Time References
AgCl/PANI/D-Dex 4-NP 10 mg 0.365 min ! 6 min 69
Fe;0,@PANI@AuU CR 10 mg 0.80 min~* 6 min 78
Au-PANI@mGO 4-NP 10 mg 86.3 x 10 > min ' 5 min 93

CR 10 mg 28.64 x 107> min~" 20 min

MB 10 mg 68.19 x 10 > min™" 5 min

RhB 10 mg 94.02 x 102 min " 4 min
Fe;0,@PANI/Ni@Pd O-NA 1 mg mL " — 3 min 97
Fe;0,@PANI/Au/m-SiO, 4-NP 0.9 mL 25.49 x 107> min~! 40 min 99
PS/PANI@Au 4-NP 0.375 mL 36 x 10 °s ! — 104
Ag-PANI-MWCNT 4-NP 1 mg 54 x10 s " 240 s 122
PANI/ZnO/MnO, 4-NP 10 mg 21.9 x 10 2 min~* 10 min 123
rGO-PANI/Pd:Au 4-NP 2 mg 5.8 x 107> 57" 8 min 136

O-NA 2 mg 54 x10%s7! 8 min

RhB 2 mg 73 x10°s " 30 min

MG 2 mg 9.5 x10 %5 ! 30 min

Cr(v) 2 mg — 30 min
PS/PANI-Au 4-NP 0.12 mL 9.5 x10 %5 ! 13 min 140
MnFe,0,@PANI@AgZ MB 1 mg 61 x 10 > min™" 7 min 149

MO 1 mg 22 x 102> min~* 9 min

EY 1 mg 14 x 10> min ! 16 min

RhB 1 mg 11 x 10 > min™* 11 min
Fe;0,@PANI@AU 4-NP 20 ug 8.63 x 10 * s ! 210's 150

CR 20 ug 11.91 x 10 * s ! 90 s

MO 20 ug 16.11 x 10 ° s ! 90 s

MB 20 ug 10.59 x 10 * s ! 150 s

RhB 20 ug 6.41 x 107 s~ 240 s
Au@Fe;0,@PANI 4-NP 25 uL 43.3 x 10> min™* 5 min 151
Fe;0,@PANI-Au MO 1 mg 2.21 x 10 %s7? 60 s 152

MB 1 mg 317 x 10 25! 80 s
Fe;0,@Au-PANI 4-NP 3 mg mL™* 12.4 x 10 > min* 28 min 141
Cu(0)-PANI-Z1SiO, 4-NP 1 mg 81.1 x 10 2 min ' 10 min 153

3-NP 1 mg 24.9 x 10> min~’ 7 min

2-NP 1 mg 58.4 x 10 > min ' 5 min
PANI/MnO,/TiO, Cr(vi) 1 mg mL™" 15.97 x 10> min™* 5 min 154
PS/PANI/Au 4-NP — 58.66 x 10 % s~ " 60 s 155
Ag;PO,/Ppy/PANI 4-NP — 53 x 10 * min~' — 156
Ni(OH),@NSA-PANI 4-NP 5 mg 82.98 x 10~% min " 24 min 157
Ag@PANI-CS-Fe;0, 4-NP 1 mg 2x103s? 22 min 158
Pd@PANI-CS-Fe;0, 4-NP 1 mg 5.0 x 10 % s ! 22 min 159

¢ Catalyst dose amount (mg = milligram; ug = microgram), reaction time (min = minute; s = second).

Qiao et al.*** reported a yolk-shell type ternary composite
Fe;0,@Au-PANI catalyst (TEM images shown in Fig. 5(d-g)) in
which Au NPs were immobilized in a PANI shell that has
a magnetic core via a SiO, sacrificial template procedure. The
Au NPs were anchored onto the inner layer of the PANI shell to
avoid direct interaction with the substrate molecules. Thus, the
presence of a magnetic core allowed facile recovery of the
catalyst, and the PANI supported and protected the catalyst
from an outer atmosphere. The catalyst with a PANI protection
shell (Fe;0,@Au-PANI) demonstrated higher reduction poten-
tial against 4-NP than the catalyst without a PANI shell. The
multistep synthesis procedure used to prepare Ni@Pd core—
shell NPs was immobilized on magnetic Fe;0,@PANI yolk-shell
nanocomposite. The yolk-shell was prepared via ultrasound-
mediated in situ polymerization of aniline on Fe;0,@SiO,.
Then, the silica layer was etched selectively to obtain a yolk-
shell structure. Finally, the Ni@Pd core was inserted by

26810 | RSC Adv, 2024, 14, 26801-26819

dispersion in an aqueous medium with a reducing agent and
metal precursors. The catalytic performance of the prepared
yolk-shell quaternary Fe;O,@PANI/Ni@Pd catalyst was inves-
tigated against o-nitroaniline, which reduced by 99% in 3 min.”

Magnetic materials suffer from aggregation issues, which
can be prevented by carbon-based materials. Recently, the use
of carbon materials (GO, rGO) as support for metal NPs to
produce heterogeneous catalysts can effectively prevent the
aggregation of particles, facilitate dispersion in an aqueous
medium, enhance the accessibility of the catalyst to pollutants,
and improve the surface area and electron transfer process
efficiently. By following multiphase, Pourjavadi et al.** produced
Au NPs supported on magnetic PANI@mGO composite catalyst
that showed remarkable reduction ability for CR, RhB, MB, and
4-NP in aqueous phase due to good dispersion ability; higher
surface area due to the presence of GO; and facile electron
transfer during catalysis process due to better attraction with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PANI, and also displayed good recoverability on applying an
external magnetic field.” In nonmagnetic PANI-based ternary
nanocomposite, the PANI provided better support surface to
metal-based NPs and was exploited for catalytic degradation of
water pollutants. Ternary composite containing polystyrene
core and PANI shell, such as PS/PANI/Au catalyst, developed by
Sun et al**® using sulfonated polystyrene, Au(en),Cl;, and
aniline for the degradation of 4-NP that completely reduced 4-
NP into 4-AP within a very short time (60 s). Similarly,
a heterogeneous catalyst PS/PANI@Au developed via the seed
swelling polymerization process and in situ reduction method
was employed for the effective reduction of toxic pollutant 4-NP.
In the prepared catalyst, PS survived as the core and template,
and the shell was formed by PANI and Au NPs. Moreover, the
dedoping of the PS/PANI@Au catalyst was carried out using acid
and showed a higher reduction performance for 4-NP than that
of the doped catalyst.***

Through the direct blending of core-shell PS/PANI binary
composites and metal NPs produced from noble metals NPs
(Au, Ag, Pd, Pt) deposited on PANI shell surface due to attraction
between positive surface of PANI and negative charge on metal
NPs under weak acidic medium through simple electrostatic
self-assembly process, the produced PS/PANi-MNPs composite
represented raspberry-like morphology (Fig. 6 SEM images).
The PS/PANi-Au nanocomposite catalysts were prepared in
three types using three sizes (32.4, 17.5, and 3.1 nm) of Au NPs
and applied for the reduction of 4-NP, which reduced it with
reduction rates of 3.8 x 107, 7.0 x 107%, and 1.3 x 102 s~ *
respectively. The results of the reaction indicated that the
reaction rate decreases as the particle size of Au NPs increases
in the PS/PANi-Au nanocomposite catalyst. This is because the

;;;;;;

Fig. 6
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reduction reaction of 4-NP chiefly progresses on the surface of
Au NPs, and smaller-size NPs (Au) possess greater reduction
ability owing to the enhanced density of active edges and corner
sites at the surface of Au NPs."* Sun et al.*** utilized a copoly-
merization process for the synthesis of a (P(ANI-co-Py)) copol-
ymer and produced Au NP-immobilized (P(ANI-co-Py))
composite catalyst by deposition of Au NPs using a sol-gel
process. Similarly, binary Au/PANI and Au/PPy were also
synthesized. The copolymer effectively stabilized small Au NPs
and enhanced the catalytic activity of 4-NP. Due to the good
dispersion of Au NPs in the support material, the strong inter-
action of metal-support and the effective adsorption of 4-NP on
the catalyst surface owing to the negative surface of Au NPs
increased the catalytic ability of the prepared catalyst.
Recently, a core-shell type ternary catalyst in which a CNT-
supported Pt (Pt/CNT) core was covered with a PANI shell to
obtain Pt/CNT@PANI catalyst for the catalytic hydrogenation of
Cr(vi). The Pt NPs completely wrapped with PANI exhibited
excellent reduction performance against Cr(vi) in a liquid
medium because of the redox characteristics of PANI, in which
initially the Cr(vi) oxidized PANI and itself turned into Cr(u),
followed by the -catalytic hydrogenation in which PANI
(oxidized) again transformed into PANI (reduced). A reusability
of 92.4 was reported after the fourth catalytic recycle, which
indicated good stability of the Pt/CNT@PANIL'® PANI-
supported ternary metal oxide in which one of the compo-
nents is MnO, demonstrated good catalytic reduction ability
against organic and inorganic water pollutants because Mn**
can oxidize and reduce into higher and lower oxidation states.
PANI-supported metal oxide ternary nanocomposites contain-
ing MnO, as one component were synthesized and employed

O Dextrose 9
H

RTS8
“?ANI%@@@%@%

AgCl NP

AgClNPs/PANI/D-Dextrose Nanocomposite

OH

(aand b) PS/PANi-Ag, (c and d) PS/PANi-Pt, (e and f) PS/PANi-Pd, (g and h) PS/PANi-Au composite SEM images,**° (i and j) HR-TEM images

of the PANI/MnO,/TiO, nanocomposite,*** and (k) structure of AQCINPs/PANI/D-Dex.%°
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for the reductive degradation of pollutants.****** PANI/ZnO/
MnO, catalyst prepared by Meena and Saini*** via a three-step
process and utilized for the catalytic degradation of 4-NP
demonstrated a good catalytic reduction in an aqueous medium
in a short time (10 min) due to a synergistic relationship and
better stability. In another study, MnO, containing PANI-
supported ternary nanocomposite PANI/MnO,/TiO, catalyst
(Fig. 6(i and j) HRTEM images) was utilized for the catalytic
reduction of toxic Cr(vi) ions.** The composite was produced by
employing a one-pot redox polymerization process at ambient
temperature. In comparison to binary (PANI/MnO,, MnO,/TiO,,
PANI/TiO,) and bare (MnO,, TiO,, PANI), the ternary composite
effectively (99.9%) reduced Cr(vi) to Cr(m) in the presence of
HCOOH.

Ma and co-workers'® tested a PANI-based ternary nano-
composite Ag;PO,/PPy/PANI as a heterogeneous catalyst for the
catalytic reduction of 4-NP and 2-NA using reducing agent
NaBH, and reported that the as-prepared Ag;PO,/PPy/PANI can
be used as a potential catalyst for the reductive degradation of
water pollutants. Ag NP-supported PANI/MWCNT ternary
composite catalyst obtained by the immobilization of Ag NPs on
the PANI surface and then added with the MWCNTs showed
excellent reduction ability against 4-NP with 0.054 s~ ' of rate
constant and good antibacterial activity towards pathogenic
bacteria, which revealed many uses of Ag NPs-PANI/MWCNTs
and showed a wide scope of applications in the healthcare
and environmental segments.'*> Copper metal NP-based ternary
composite catalyst Cu’-PANI-ZrSiO, synthesized via surface
immobilization of Cu(0) NPs on the nanozirconium silicate
modified-PANI surface in a solvent-less microwave preparation
process and applied for the reduction of various nitrophenols
using NaBH, as a reducing agent that effectively reduced 4-NP,
3-NP, and 2-NP nitrophenols with the reduction rate of 0.811,
0.249, and 0.584 min~ ", respectively at pH = 2.1

Prabakaran and Pilla® integrated AgCl NPs into a PANI-
grafted p-dextrose composite via an interfacial polymerization
process, and synthesized AgCINPs/PANI/D-Dex (Fig. 6(k)) was
applied for the degradation of 4-NP using NaBH, a reducing
agent that displayed remarkable activity and decolorized yellow
color of 4-NP in a short time due to reduction into 4-AP. During
the degradation process of 4-NP by AgCINP/PANI/D-Dex nano-
composite catalyst, the 4-NP molecules and reducing agent ions
were adsorbed on the active center of the catalyst AgCl NPs,
which acted as an electron transferring surface. Pd NPs
anchored on PANI were supported on mesoporous SBA-15
catalyst (Pd-NPs/PANI/SBA-15) fabricated via an in situ chem-
ical process for catalytic reduction of BrO; ™ ions. In the catalyst,
the Pd NPs were efficiently immobilized on the amino func-
tional groups of the PANI skeleton. The reduction of BrO;™ ion
was analyzed via an electrochemical process, and during the
reduction process, BrO;~ ions were diffused from the solution
to active sites of Pd NPs, where they were catalytically
reduced.'** Ni(OH), NPs decorated 2-NSA-doped PANI nanotube
(Ni(OH),@NSA-PANI) nanocomposites (Fig. 7) used for the
catalytic reduction of nitroaromatics. The catalyst was prepared
by immobilized Ni(OH), NPs on the surface of 2-NSA-doped
PANI nanotubes. The catalyst effectively degraded (94%) 4-NP
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NaOH, N,H,.H,0
60°C

Fig. 7 (a) Synthesis process, (b) SEM image, (c) HR-TEM image and (d)
STEM image in the dark field of Ni(OH),@NSA-PANI NCs.**”

with a small amount of catalyst and showed recyclability
without declining ability over ten repeating cycles. Ni(OH), NPs
present in the (Ni(OH),@NSA-PANI) nanocomposites acted as
a reducing surface for the pollutant, and the pollutant ions
along with BH,~ were adsorbed on Ni(OH), NPs, which was the
electron relay center for the reduction process.'”

Al-saida and coauthors' reported the synthesis of four
component quaternary magnetic core-shell type Fe;0,@TiO,-
PANI-Ag nanocomposite catalyst via the polymerization reac-
tion of aniline onto magnetic core-shell structure Fe;0,@TiO,
by APS as an oxidant and then attaching Ag NPs to it. The as-
prepared Fe;O0,@TiO,-PANI-Ag catalyst was used in the reduc-
tion process of 4-NP and MB dye water pollutants. Moreover,
>98% catalytic reduction of 4-NP was completed within 20 min
when 1 mg of Fe;0,@TiO,-PANI-Ag catalyst was utilized.
Besides, it is reported that the Fe;O0,@TiO,-PANI-Ag catalyst
showed higher competence than that of the binary PANI-Ag,
TiO,-Ag, and TiO,/PANI composites due to the synergistic
effect of PANI and Ag with TiO, shell, providing effective
support to Ag NPs by PANI and effectively stabilizing them.
Additionally, due to magnetic characteristics, the catalyst
showed good recovery and reusability. With 2 and 3 mg of
composite catalysts within 12 and 6 min of reaction time, the
reduction of 4-NP was achieved due to the increase in the
density of binding sites of the catalyst. The reduction time was
reduced with an increase in the catalyst dose amount.'®

Ayad et al.***° in their studies reported the synthesis of
quaternary composite catalysts of noble metal Pd and Ag NPs by
encasing properties of conducting polymer PANI, biopolymer
CS, and magnetic material Fe;O,. PANI and CS polymeric
materials were utilized as supporting surfaces for noble metal
(Pd and Ag) NPs, while magnetic Fe;O, enhanced the isolation
and recovery of the catalysts. The catalyst obtained in a multi-
step procedure with magnetic features and effective function-
alities (hydroxyl and amino) present with CS and PANI
effectively coordinated with Pd and Ag ions and enabled their
reduction and deposition. Thus, the quaternary PdA@PANI-CS-
Fe;0, (ref. 158) and Ag@PANI-CS-Fe;0, (ref. 159) nano-
composite catalysts were fabricated via reductive deposition of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Pd and Ag NPs, respectively, on the surface of a ternary (PANI-
CS-Fe;0,) composite utilized for the catalytic degradation of 4-
NP, which showed good reduction potential. Pd@PANI-CS-
Fe;0, catalyst reduced 4-NP within 14 and 8 min of reaction
times using 2 mg and 3 mg of catalysts, respectively, while
Ag@PANI-CS-Fe;0, catalyst took 22, 8, and 6 min with 1, 2, and
3 mg of catalysts, respectively.*

In comparison to mono metals, the bimetallic NPs exhibit
higher catalytic potential and better permanence.”**® In this
regard, rGO-PANI supported bimetallic (palladium (Pd): gold
(Au)) NP composite catalysts developed for the catalytic degra-
dation of numerous organic (RhB, MG, 4-NP, 4-NA) and inor-
ganic (Cr(vi)) water pollutants, which showed improved catalytic
ability compared to mono metallic NPs due to better electro-
static attractions between PANI, rGO and (Pd: Au) NPs via
a synergistic effect.”*® In another study, a bimetallic quaternary
yolk shell type Fe;O,@PANI/Ni@Pd composite synthesis was
reported for the reduction of o-nitroaniline (O-NA) using NaBH,
as a reducing agent and converted 99% of O-NA within 3 min.
Initially, using a solvothermal process, Fe;O, NPs were
prepared, followed by coating the SiO, shell on the surface of
Fe;0, through the sol-gel process. Then, the PANI layer was
introduced by ultrasound-mediated in situ polymerization of
aniline and by selective etching of SiO, layer generated yolk-
shell Fe;0,@PANI composite. The Ni@Pd NPs were immobi-
lized on the yolk-shell Fe;0,@PANI composite by reduction of
Pd*" and Ni*" salts using NaBH,. The prepared Fe;O,@PANI/
Ni@Pd exhibited a good conversion efficiency for O-NA for up
to eight cycles, demonstrating good stability and reusability.”

Magnetic Fe;O,/PANI/m-SiO, core/shell spheres were used
for the support of Au NPs to prepare highly stable, reusable,
robust, and reactive quaternary composite catalyst Fe;0,/PANI/
Au/m-SiO,. The Au®* ions were anchored on ternary Fe;O,/PANI/
m-SiO, core/shell spheres via a reduction reaction that occurred
between the metal ions and PANI. The magnetic core and
mesoporous m-SiO, shell appreciably advanced the recycling
competence and deeply strengthened the stability of Au metal
NPs against aggregation, and PANI provided better attraction
and reduced Au®* ions. The presence of an m-SiO, shell reduces
agglomeration and modifies the stability remarkably because it
acted as a barrier against the nucleation of NPs and also worked
as a conduit in the mass transfer process of reagents. The Fe;0,/
PANI/Au/m-SiO, showed better activity and stability in the liquid
phase, which designated its potential uses as competent
heterogeneous catalysts in liquid-phase catalytic reactions. The
reduction ability was tested with nitrophenols (4-NP, 3-NP, and
2-NP) and nitroanilines (4-NA, 3-NA, and 2-NA), which were
degraded by the order of 4-NP > 2-NP > 3-NP and 4-NA > 2-NA >
3-NA, respectively.®

5. Mechanisms of catalytic reduction
of water pollutants in the presence of
PANI-based catalysts

PANI nanocomposites have been successfully explored as
heterogeneous catalysts for the reductive elimination of

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

numerous water pollutants, such as nitroaromatics (nitro-
phenols and nitroaniline), organic dyes, and oxyanions.
Usually, the reduction of nitroaromatics into the corresponding
amino products is kinetically restricted under normal condi-
tions using a reducing agent such as NaBH, (ref. 102); this
barrier cannot be crushed alone by a reducing agent only.
Moreover, catalysts alone cannot change nitro compounds into
aminophenol products. Thus, it is essential to break down this
kinetic barrier that provides a surface for electron reliance,
which is possible by adding a catalyst. Thus, the reduction of
nitroaromatics and other pollutants occurs on the surface of the
utilized catalyst, and the resulting product is desorbed from the
surface and discharged in solution. Hence, for the effective
catalytic reduction of pollutants, the presence of a suitable
catalyst and reducing agent is needed, making the reduction
process thermodynamically and kinetically favorable. During
reduction reactions, the reducing agent (BH, ) works as an
electron donor, while pollutant molecules work as an electron-
acceptor centre.'®®

4-NP is a highly toxic nitrophenol that has severe health
problems and environmental issues because of its lethal and
mutagenic ability in living creatures, including humans.*®” The
major health impacts of 4-NP are on the central nervous system
(CNS), liver, and blood.**® The catalytic reduction of the nitro-
aromatics into amino products is a significant industrial reac-
tion; amines are the starting materials for numerous synthetic
procedures to generate various dyes, pharmaceuticals, agro-
chemicals, and polymers.'* Moreover, amino-products are
moderately less hazardous, can be eliminated more easily, and
are more mineralized than those of the nitroaromatics.'”®
Nevertheless, the catalytic reductions of nitroaromatics,
including 4-NP, occur at high-temperature conditions, take
longer times and prominently use expensive catalysts. Recently,
the use of polyaniline-based catalysts in the catalytic reduction
process of 4-NP has gained wide interest.

The heterogeneous catalytic reduction process can precede
either the L-H (Langmuir-Hinshelwood) or the E-R (Eley-
Rideal mechanism). The L-H mechanism proceeds first to
adsorb both the reducing agent (BH, ) and reactant (nitro-
aromatics, dyes) on the catalyst surface; then, the reaction is
performed. According to the E-R mechanism, adsorption of one
reactant molecule occurs, which reacts with the molecules of
another reactant. Additionally, in the L-H pathway, with an
increase in pollutant (nitroaromatics, dyes) value, the value of
the apparent rate constant (k.,,) decreases as the NaBH,
concentration increases. However, in the E-R mechanism, the
value of k,pp, enhances as the 4-NP amount enhances.”* In the
literature, it has been reported that the Langmuir-Hinshelwood
(L-H) reaction mechanism model is widely followed for the
catalytic reduction of nitrophenols and other dye pollutants. In
addition to reducing agent NaBH, and catalyst to the reaction
medium, the NaBH, produced Na" and BH, ions, and the
produced BH, ions were adsorbed on the catalyst surface
along with pollutant molecules and bound with the active part
of catalysts, such as noble metal NPs, metal oxides or hydroxide
or chloride NPs, and donated electrons to the active centre.
After that, H, is produced by the reduction of water; then, active
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hydrogen is generated at the surface of the catalyst.®'”> The
generated H, gas helps in stirring the reaction mixture,
enhances the reaction rate, reduces reaction time, and refreshes
the catalyst by removing any layer formed by oxide or other
impurities on the NP surface by hydrogen flux.'*® In this way,
due to the transfer of electrons from a donor (reducing agent) to
an acceptor (reactant) via the catalyst surface, which acts as
a relay centre, and the transfer of the required hydrogen atoms
from the catalyst surface to the reactant, the reactant trans-
forms it into its reduced state at the NP catalyst surface. The
reduction of 4-NP into 4-AP occurs via the formation of a stable
intermediate 4-hydroxyaminophenol, and the produced 4-AP
molecules discharged from the catalyst surface provide a free
catalyst surface and enter into the next catalytic cycle (Fig. 8).
Hydrogen generation by the reduction of water molecules
occurs as follows:

NaBH4 + 2H20 - NaB02 + 4H2

It is assumed that the adsorption of pollutants and borohy-
dride on the NP surface is reversible and rapid. Additionally, the
transformation reaction at the NP surface is slow and a rate-
determining stage, and the desorption of the product from
the catalyst surface is tacit to be speedy and irreversible; thus, it
does not influence the kinetics of the reduction process.'” It is
well established from studies that the reduction reactions of
nitroaromatics and dyes follow first-order kinetics concerning
4-NP/dye. Hence, the values of k,p;, for the catalytic reduction
reaction are proportional to the catalyst surface area. Thus, it
can be determined.'®’

BH,~

k
BH,~+S < BH4 -S

adsorb

BH,+ S — BH; S

BH, S + H,0 “BO, -C + H-S,

where kg, is the adsorption equilibrium constant for BH, ™
and ky is the hydrolysis rate constant for BH, , and S is the
catalyst surface.

OH

NO, N
4-nitrophenol (4-NP) 4-aminophenol (4-AP)

Fig. 8 4-NP reduction mechanism in the presence of polyaniline-
based nanocomposite catalysts and reducing agent (BH, ).
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The reduction of 4-NP into 4-AP via an intermediate 4-
hydroxyaminophenol can be represented as follows:

kanp

4-NP + S < 4-NPS

4-NPS + 6H 5 4-APS + H,O

4-APS — 4-AP + S

The adsorption and desorption processes of BH,  and 4-NP
at the surface of the catalyst are fast and thus do not influence
the kinetics of the reduction process. The slowest step, which is
the rate-determining step, is the conversion of 4-NP into 4-AP by
active hydrogen species.

The catalytic reduction of 4-NP by Ni(OH),@NSA-PANI
nanocomposite catalyst followed the Langmuir-Hinshelwood
mechanism, and the Ni(OH), NPs on the NSA-PANI surface
acted as electron-acceptors, which reversibly adsorbed hydride
onto the NPs from NaBH,, followed by adsorption of the
substrate with the expulsion of hydrogen, thereby transferring
surface-bound hydride to the -NO, group of nitro compounds
in the rate-determining step of the reduction reaction. The
hydrogen atoms on the surface of the nickel hydroxide in the
Ni(OH),@NSA-PANI nanocomposite coordinate with d orbitals
of Ni via 1s electron and form metal hydride bonds via chemi-
sorption.*” The catalytic reduction of the mechanism of 4-NP by
PANI/Bi,O; nanocomposite used Bi,O; as the active centre,
which transformed 4-NP into 4-AP via the formation of an
intermediate 4-hydroxyaminophenol. The PANI acts as a stabi-
lizer and capping agent preventing the agglomeration of Bi,O;
particles and acts as better hosts that suitably hold the Bi,O;
NPs.'”” The reduction of 4-NP by AgCINPs/PANI/D-Dex nano-
composite catalyst occurs on the active centre AgCl NPs, which

COOH N
~

: HsC
CH; 3 O
w S <
o

~CH;

Fig. 9 Catalytic reduction process of various water pollutant poly-
aniline-based nanocomposite catalysts.
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provides an electron transferring surface from an electron
donor to the acceptor and requires hydrogen atoms for reduc-
tion of 4NP to 4-AP via an intermediate 4-
hydroxyaminophenol.®

The catalytic reduction mechanism of organic dyes and other
pollutants in the presence of PANI-based nanocomposite cata-
lysts and reducing agents is shown in Fig. 9. Dye molecules (MB,
RhB, and MG dye) were adsorbed on the catalyst surface and
received electrons and hydrogen ions from the reducing agent
via the catalyst surface because they transform into nontoxic
and colorless leuco forms, which desorb and regenerate cata-
lysts that enter a fresh cycle of catalysis. The catalytic reduction
mechanism of toxic Cr(vi) metal ions uses PANI-based nano-
composites in the presence of formic acid."®**** In the presence
of a catalyst, formic acid produces hydrogen that interacts with
Cr(vi) ions and transforms into Cr(ur) ions.**

6. Conclusion

The catalytic degradation of hazardous water pollutants, such
as organic dyes, nitroaromatics, and metal ions, using hetero-
geneous catalysts is a facile, efficient, inexpensive, rapid, and
greener method by which toxic materials can be transformed
into less toxic or nontoxic under normal atmospheric condi-
tions. Common heterogeneous nanocatalysts used for the
decontamination of water pollutants or other catalysis reactions
are metal-based nanoparticles. However, in the pure state,
metal-based NPs demonstrate poor activity and stability due to
aggregation. To reduce agglomeration and improve the surface
area, catalytic activity, and stability, the catalysts can be
immobilized with polymeric materials, especially conducting
polymers, which provide support and cover shells to NPs. The
application of PANI conducting polymers as supporting mate-
rials to metal-based NPs has gained wide attention. The
prepared metal containing PANI-based nanocomposites via
numerous techniques was effectively explored for the catalytic
degradation of various water pollutants under ambient condi-
tions. Using PANI as a matrix material, the heterogeneous
catalyst suffers from recovery and reusability issues, which can
be improved by introducing magnetic characteristics to PANI-
based nanocomposites. Magnetic PANI-based nanocomposite
catalysts with core-shell structures displayed good stability,
recoverability, and activity in the catalysis reactions. In the
magnetic core-shell, PANI-based composites with yolk-shell
structures were used more efficiently in catalytic reactions due
to their high surface characteristics, vacant area, and low
density, and yolk-shell nanocomposites made of bimetallic
nanoparticles exhibited higher reduction potential ability
towards water pollutants. Among the various environmental
pollutants, such as organic dyes, nitrophenols, and metal ions,
nitrophenols, such as 4-NP, have wide industrial importance,
but they exhibit serious mutagenic and hazardous impacts.
Thus, the reduction of 4-NP into a less hazardous amino-
product has numerous industrial applications. The catalytic
degradation process of water pollutants, including nitro-
aromatics, in the presence of heterogeneous catalysts follows
pseudo-first-order kinetics in which the reaction rate depends
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on the surface area of the catalyst covered by the pollutant and
reducing agent. In the reduction reaction, the catalyst acts as an
electron relay surface through which electrons are transferred
from the reducing agent (electron donor) to the pollutant
(electron acceptor). Consequently, the pollutant molecules
adsorbed on the catalyst surface are reduced to a nontoxic form.
Hence, the synthesis of PANI-based nanocomposite heteroge-
neous catalysts with improved life span, stability, reusability,
and recovery that can display effective reduction ability against
awide range of water pollutants is indispensable for sustainable
and eco-friendly water purification techniques.
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