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Polystyrene is the oldest and most widely used synthetic polymer, and it is divided into two main types:
expanded polystyrene (EPS) and general-purpose polystyrene (GPPS). This versatile material is used in
various commercial applications. One of the challenges with polystyrene is its hydrophilicity, which can
be addressed through functionalization, enhancing its overall properties. Polystyrene-based resins have
significant advantages over natural organic ion exchangers. These resins, when incorporated into
nanocomposites, demonstrate excellent reshaping and performance in ion exchange (IEX) materials,
particularly for water treatment applications. The combination of IEX with nanomaterials has the
potential to further improve effectiveness. Low-dimensional carbon materials, including carbon
nanotubes, graphene derivatives, metal oxides, and silica, exhibit potential for improving the properties
of ion exchange materials at the laboratory scale. This study reviews recent advancements in polystyrene
copolymerization, the use of nanofillers, and the integration of polymeric and superconducting additives
to improve functional performance. In addition, it offers a systematic evaluation of existing constraints
techniques in polystyrene-based ion-exchange nanocomposites for environmental applications. Several
factors characterise conductive and superconductive materials. Organic polymer matrices with
superconducting nanoparticles form superconductive polymeric nanocomposites. Electrical impedance
and diamagnetic response are the main superconducting tests for these materials. Polystyrene
composites’ superconductivity comes from ceramic superconductor particles, not the polymer.
Interfacial interactions and conduction processes among filler particles affect their performance. This
review emphasizes the production of polystyrene-based nanocomposites and their potential as
advanced adsorbents while identifying research gaps and key findings in the field.

oxygenated or aminated compounds.* PS microspheres are
produced through various techniques, including emulsion and

Synthetic petrochemical-derived polymers like polyethylene
(PE), polypropylene (PP), and polystyrene (PS) exhibit diverse
chemical and structural properties, making them suitable for
various applications.” PS, a key synthetic polymer, is produced
through the polymerization of styrene and can be either solid or
brittle, depending on processing methods. It is categorized into
EPS and GPPS, applied in bags, bottles, building materials,
insulation, and medical supplies.> Commonly, PS appears as
a transparent latex or pale yellow plastic characterized by
intermingled, randomly coiled polymer chains.?
Functionalizing polystyrene enhances hydrophilicity for
aqueous environments via bulk or surface treatments, using
methods like plasma, laser, or UV radiation combined with
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seed polymerization. Compared to bulk PS, micro-sized parti-
cles offer improved stability under heat and can immobilize
polymer chains. Incorporating nanoparticles, created through
microemulsion and liquid slurry polymerization, further
enhances material characteristics by providing heat stability,
high surface area, effective interactions, and improved
mechanical properties.®

Sulphonated cross-linked polystyrene (SPS) is a highly acidic,
hygroscopic gel. Its swelling and shrinking ability in water
depends on the degree of cross-linking. Styrene and di-
vinylbenzene (DVB) are copolymerized into beads, which are
sulphonated with concentrated sulfuric acid at 100 °C in the
presence of silver sulfate.® The fiber form of highly sulfonated
polystyrene is suitable for ion-exchange applications due to its
conductive pathways.” Cation exchange membranes are
synthesized using a green method that avoids organic solvents,
integrating lithium styrene sulfonate into porous supports.?
Aminated hyper-crosslinked polystyrene porous adsorbent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(HCP-DFDA) is functionalized with tertiary amine groups and
shown to effectively capture medium- to large-sized blood
toxins, presenting a promising alternative for treating uremia.’

This review discusses advancements in polystyrene-based
polymers, including copolymerization, the use of nanofillers
(such as metals, clays, and silica), and conductive additives
(including polyaniline and carbon nanoparticles) from 2018 to
2025. Recent reviews offer insights into recycling polystyrene
(PS) and ecotoxicological research on polystyrene nanoparticles
is also examined.'*** This review also devotes sections to di-
scussing the conductive hybridization as follows. The differ-
ences between conductive and superconductive materials are
often characterized by attributes such as electrical resistance,
critical temperature, magnetic field response, critical current
density, and energy gap.'*""” Superconductive polymeric nano-
composites are hybrid materials that combine organic polymer
matrices with superconducting nanoparticles or fillers."***> The
electrical impedance and diamagnetic response techniques are
the predominant approaches for assessing superconductivity in
polystyrene nanocomposites. The incorporation of polymer
chains into the grain structures of ceramics enables their elec-
trical conductivity. Numerous significant researches employ
various measurement approaches, as indicated by the available
information.”™?* Incorporating fundamental processes of
conductivity and superconductivity, such as the following: two
factors that are interconnected affect the electrical performance
of conductive composites composed of polystyrene: the inter-
facial interactions at the polymer-filler interface and the
conduction processes among the filler particles that form
particle networks®*** The development of superconductivity in
PS composites is a distinct phenomenon, arising not from the
polymer itself but from the integration of ceramic supercon-
ductor particles (YBCO) within the PS matrix.'®**>!

A thorough examination of PS nanocomposites was con-
ducted between 2015 and 2017. Haider (2017) examines the
findings and advancements related to polystyrene and
nanoclay-based nanocomposites.* Meer (2016) highlights
polymer microspheres and silica nanoparticles as key fillers in
composites.* Afzal (2016) notes growing interest in polystyrene-
based materials due to their industrial applications, as various
nanofillers enhance their performance.*® Nasir (2015) explored
materials derived from polystyrene and different types of
nanoparticles.’” Previous reviews, such as Nasir (2015), Afzal
(2016), and Haider (2017), have predominantly focused on the
mechanical, thermal, electrical, and packaging applications of
polystyrene nanocomposites. This review of polystyrene-based
nanocomposites differs from earlier studies by focusing on
ion-exchange-functionalized systems. It highlights recent
advancements in polystyrene copolymerization and nano-
composite fabrication since 2017, as well as the integration of
low-dimensional nanomaterials, including carbon nanotubes
and graphene. The review emphasizes the application of poly-
styrene nanocomposites for adsorption-focused environmental
remediation, particularly in water purification. Additionally, it
discusses multifunctional hybrid additives, including
superconductors.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Various functionalization and strengthening processes have
been reported in the literature to enhance the performance of
polystyrene composites in various applications, particularly
adsorption. Fig. 1 provides a classification of these strategies. The
introduction of charged active sites during surface functionali-
zation by sulfonation and amination improves electrostatic
interaction and ion-exchange capacity against ionic contami-
nants. Reinforcement of stability, swelling behaviour, and
adsorption site accessibility is achieved through the incorpora-
tion of hydrophilic and crosslinking polymer components
including divinylbenzene, poly(acrylamide), poly(acrylonitrile),
polyvinylpyrrolidone, polyurethane, and poly(maleic anhydride).
Additional hydroxyl and amino groups that facilitate coordina-
tion with metal ions are provided by natural biopolymers, such as
lignocellulosic materials and chitosan. Metallic particles, zirco-
nium phosphate, magnetite, iron oxide, and titanium dioxide are
inorganic additions that can increase the number of adsorption
sites by complexing with surfaces and perhaps adding magnetic
or catalytic properties. Because of their large surface area and ion-
exchange capability, layered silicate minerals such zeolites,
nanoclay, organoclay, and kaolin improve adsorption. Also, silica
and nano-silica boost surface hydroxyl density and make func-
tional groups more dispersed. Electro-assisted adsorption—
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Fig. 1 Classification of functionalization strategies reported for
composite adsorbents based on polystyrene, with an emphasis on the
contributions of carbon-based conductive materials, clay/zeolite
structures, silica phases, and polymer modifiers to improve its appli-
cation specially, adsorption by means of ion exchange, surface
complexation, pore structure development, conductivity, and elec-
trostatic interaction.
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desorption applications greatly benefit from the - interactions
and large surface area provided by carbon-based nanostructures
like graphite, reduced graphene oxide, carbon black, and carbon
nanotubes, as well as the enhanced electrical conductivity
provided by conductive polymers like polypyrrole and poly-
aniline. Polystyrene composites can have their physicochemical
properties fine-tuned to enhance regeneration performance and
adsorption efficiency through the use of various modification
procedures. Fig. 2 summarizes research development trends in
polystyrene composite modification approaches reported
between 2020 and 2026 across the various material categories
mentioned above. These strategies for modification closely align
with these trends.

2. Polystyrene copolymer blends

Polystyrene-based resins are essential for many commercially
available resin products, providing notable benefits compared
to older natural organic exchangers. By modifying their
composition, these resins can be optimized for consistent
particle size, cross-linking, and functional group content,
resulting in a variety of stable, spherical products.®®

Blended polystyrene has proven effective in cleaning up oil
spills by leveraging the hydrophobic properties and advantages
of its original polymers. It is significantly more effective than
commercially available sorbents for addressing various types of
oil spills. Blends of PS, such as those created from polyethylene
and polyvinyl chloride mixed with polystyrene, have been used
successfully in the cleanup of numerous oil spills. All fibrous
sorbents exhibit a strong affinity for removing crude oil, motor
oil, and diesel spills.** Transforming a hydrophilic lignocellu-
losic substance into an oleophilic adsorbent was accomplished
by applying cationic surfactants such as cetyltrimethyl-
ammonium bromide (CTAB). One study focused on extracting
emulsified oil from wastewater using a composite made of
polystyrene waste and surfactant-modified bagasse.** Electro-
spun polystyrene fiber mats have high sorption capacity and
oil-water selectivity. Polyblend mats with PS and thermoplastic
PU fibers promote micro/nano-scale interactions between the
polymers.*

The ion exchange film made from gum ghatti-grafted
poly(acrylamide) copolymer composites (m-PE-g-PS-SO;H) is
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Fig. 2 Timeline chart of reviewing polystyrene different categories
from 2020 to 2026.
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highly effective in removing Th(w) ions from wastewater. This
process involves chemically grafting styrene monomer onto
a low-density polyethylene film that also contains ethylene
propylene diene monomer rubber (PE/EPDM). This is followed
by a sulfonation process. In another method, polystyrene foam
that is functionalized with chitosan and dithiocarbamate is
used to remove mercury from water-based solutions. Addition-
ally, chitosan granules are coated with glutaraldehyde for
complete crosslinking and carbon disulfide for functionaliza-
tion. These modifications lead to an increase in surface area,
porosity, and average pore diameter in the final composite.
Effective removal of water contaminants is achieved using bi-
onanocomposites that contain nanoparticles doped with chi-
tosan. The amino functional groups in chitosan become
protonated, forming stronger bonds with anionic contaminants
in acidic environments. Physical treatment of chitosan further
enhances its surface area and porosity. Moreover, using
chitosan-modified recycled expanded polystyrene nanofibers to
remove lead(u) from water is environmentally beneficial, as it
transforms waste polymer into an effective metal adsorbent.*
Moreover, hollow microspheres of polystyrene-polymaleic
anhydride (PSMM-NH,), characterized by a high density of
amino groups, have been synthesized and utilized for the effi-
cient adsorption of anionic dyes, with a maximum adsorption
capacity of 951.1 mg g ' for acid red. The protonation and
deprotonation of amino groups at varying pH levels might alter
the surface potential of the produced adsorbent, facilitating its
regeneration.* A highly efficient poly(acrylonitrile-co-styrene/
pyrrole) polyvinylpyrrolidone (poly(AN-co-ST/Py) PVP) has been
used for the adsorption of methylene blue dye through the
phase inversion method. The process for preparing the copol-
ymers illustrated in Fig. 3, involves precipitating the solution by
adding acrylonitrile (AN), pyrrole (Py), and styrene (ST) mono-
mers to a potassium persulfate (KPS) alcoholic solution. This is
followed by filtration, washing, and drying.** Examples of PS-
copolymer blends applied as adsorbents for water treatment
are given in Table 1.

H
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Fig. 3 Preparation of
copolymer.
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Random free radical polymerization and styrene sulfonation
yield styrene-acrylic acid copolymers in various ratios. The
copolymer composed of acrylic acid and sulfonated styrene
exhibited the highest ammonium adsorption capacity at
55.8 mg g '. This enhanced capacity is attributed to the elec-
trostatic attraction between positively charged NH," ions and
the negatively charged -COO™ and -SO;~ groups in the copol-
ymer.* In addition, poly(styrene-co-divinylbenzene), function-
alized with aminophosphinic acid pendant groups, serves as
a high-performance adsorbent for acetylsalicylic acid.*®
Reversible addition—-fragmentation chain transfer (RAFT) poly-
merization has successfully produced a high molecular weight
polystyrene-polyaniline copolymer with low polydispersity,
suitable for carbon-based electrodes in energy storage and other
applications that require materials with high carbon yields and
controlled porosity structures.”

3. Polystyrene nano-composites

This text provides a critical overview of the production of
nanocomposites based on polystyrene, focusing on their
potential as advanced adsorbents. It evaluates the existing
research gaps and summarizes the findings and advancements
related to nanocomposite ion exchange (IEX) materials for
water treatment. Additionally, the incorporation of low-
dimensional carbon materials such as carbon nanotubes, gra-
phene and its derivatives, as well as metal oxides and silica
demonstrates promising enhancements in the properties of ion
exchange materials at the laboratory scale.’® Table 2 summa-
rizes the research on polystyrene-nanoparticle adsorbent
composites, illustrating the nano filler used, composite
synthesis conditions, pollutants removed, adsorption condi-
tions, isotherm and kinetics fitting models, and performance
efficiency.

Nanocomposites made from polystyrene have been devel-
oped for use in thermoresponsive, electroactive, and photo-
active materials. These nanocomposites incorporate carbon
nanotubes, graphene, nanoclay, nanoceramics, and metal
nanoparticles, showcasing impressive shape-reversal capabil-
ities and excellent performance. Recent applications of shape
memory polystyrene-based nanocomposites include the textile
industry, drug delivery systems, tissue engineering, and anti-
corrosion coatings for metals.>

3.1. PS metal nanocomposites

The polymer-metal nanocomposites are user-friendly, effective,
and environmentally safe. They are utilized for purifying water
contaminated with organic azo dyes.**

3.1.1. Iron oxide NPs. A combination of sulfonated waste
polystyrene and iron oxide nanoparticles (SWPS/FeO-NPs) to
enhance the reduction process that breaks down indigo
carmine dye. The best results are achieved when the pH is close
to its natural state. The nanoparticles, which have an average
diameter of 25.5 nm and a quasi-spherical morphology, are
created by combining Fe°, Fe**, and Fe’" with green tea
extract.”” A highly effective method for removing Congo red (CR)
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dye from solutions has been developed using sulfonated
polystyrene/magnetite nanocomposites (SPS/MNPs). The MNPs
were synthesized through the co-precipitation method and
exhibit a spherical crystalline morphology along with super-
paramagnetic properties, with an average size of 5 nm. Al-
Sabagh et al. (2018) demonstrated that recycled commercial
polystyrene can be sulfonated under mild conditions to
enhance its surface functionalities.’® This process can promote
the synthesis of composites by facilitating interactions between
surface functional groups and nanoparticles. Using a method
involving bifunctional adsorption and degradation, rhodamine
B was effectively removed using hollow mesoporous magnetite
that is coated with polystyrene. The successful synthesis of
hollow mesoporous magnetite (HMM) was achieved through in
situ magnetite precipitation and oxidation techniques applied
to polystyrene substrates. These synthetic HMM spheres exhibit
a hollow core with a diameter of 230 nm, and their overall
particle size ranges between 320 and 350 nm. According to
Abadi et al. (2022), the pore volume of HMM is 0.63 cm® g™, and
its surface area is 132.0 m> g~ .

A recent study investigated a nanocomposite made from
ferric oxide and polystyrene-alginate, designed to remove mal-
achite green dye from water. Alginate, a widely studied
biopolymer derived from brown algae, is used as a sorbent for
pollutant removal due to its high adsorption capacity, low cost,
non-toxicity, biocompatibility, and excellent hydrophilicity. The
carboxylate groups in alginate attract the ammonium groups of
cationic dyes through electrostatic interactions, enhancing its
adsorption capability. This process improves the adsorption of
cationic dyes when using immobilized adsorbents.>*

The process involved removing the poly aromatic hydro-
carbon pollutant (PAH) ethyl naphthalene from effluent in the
petroleum industry, commonly known as produced water (PW).
Using 2-azobisisobutyronitrile as an initiator, a simple and cost-
effective method called in situ bulk radical polymerization was
employed to synthesize magnetically superhydrophobic mono-
lithic core-shell polystyrene. According to Hosny et al. (2023),
this technology has the potential to enhance the treatment of
organic pollutants in wastewater, which may lead to increased
reusability of the water.>*

Magnetic polymers derived from gel-type hypercrosslinked
styrene copolymers exhibit optical transparency and feature
a “micro-meso” porous structure. This includes pores as large
as 6 nm and a specific surface area of 560 m> g~ '. A matrix of
porous polymers was created using the industrial adsorbents
Macronet and Amberlite, along with the synthesized hyper-
crosslinked styrene-divinylbenzene copolymer. The porous
morphology of the magnetic sorbents showed a specific surface
area of 1400 m> g ' and a micropore volume (with pore sizes
smaller than 3 nm) of up to 0.6 cm?® g™, highlighting the highly
developed pore system of the composites. The application of
magnetic materials for the adsorption of various petrochemi-
cals such as chlorinated hydrocarbons, aliphatic and aromatic
compounds, and potentially harmful alcohols and ethers offers
a promising method for magnetic separation from mineral or
aqueous solutions.>®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In a traditional two-step process, recycled polystyrene foams are
converted into magnetic activated carbon (MAC). The synthe-
sized carbonaceous magnetic materials exhibit a specific
surface area of 672 m* g~ " and a total pore volume of 0.35 cm®
g~ '. Additionally, these materials contain nanometric phases of
Fe°, Fe;C, and Fe;0,. As a result of their exceptional electrical,
chemical, and textural properties, magnetically collected and
regenerated MAC has been successfully utilized to create both
organic pollutant adsorbents and redox supercapacitor
electrodes.>

Researchers have finally developed core-shell magnetic
nanoparticle polystyrene nanocomposites that incorporate iron
oxide and cobalt. These advanced materials are ideal for high-
performance applications that require elevated temperatures.
They increase the surface temperature, which facilitates the
melting and repair of large cracks.”

3.1.2. Silver NPs. Polystyrene silver nanocomposite micro-
spheres developed by Liu et al. (2022) and H. Xu et al. (2023)
have been utilized for the catalytic reduction of organic dyes,
specifically methylene blue (MB). A two-step seed-swelling
polymerization technique was employed to create polystyrene—
divinylbenzene mesoporous microspheres and their composites
with silver nanoparticles (Ag NPs). The composite microspheres
containing sulfonic acid exhibited different degradation rates
for methylene blue than those containing silver nanoparticles.
The study also investigated how various swelling agents influ-
enced the shape and architecture of the mesoporous micro-
spheres. Degradation experiments demonstrated that the
introduction of hydrophilic sulfonic acid groups facilitated
faster adsorption of MB by the microspheres. Furthermore, the
presence of silver nanoparticles significantly enhanced the
degradation rate of MB by 90-97%, as they can effectively
catalyze the reduction of MB.*

Dispersion polymerization produces monodispersed PS
microspheres. A water-based modified chemical plating method
was used to synthesize PS/Ag composite microspheres that
contain silver nanoparticles. The catalyst and reducing agent for
MB reduction were the PS/Ag composite microspheres and
sodium borohydride (NaBH4).** A recent study discovered that
Ag-D201, a complex created by grafting silver nanoparticles (Ag
NPs) onto D201 resins, effectively removes iodide ions (I") from
water. The presence of dissolved oxygen helps the Ag NPs
facilitate the oxidation of iodide ions. According to L. Li et al
(2023), Ag-D201 adsorbents exhibit a strong preference for I
even in the presence of competing anions such as sulfate,
nitrate, bicarbonate, and chloride.*® Shape-memory polystyrene
sheets doped with silver nanoparticles (AgNPs) serve as
a substrate for surface-enhanced Raman scattering (SERS),
allowing for the visualization of heat-induced hot spots. The
gaps between the particles in the AgNP-decorated shape-
memory polystyrene (Ag-SMP) substrates were optimized by
adjusting the formulation and reduction technique to enhance
hot spot effects during thermal shrinkage.”

3.1.3. Cobalt NPs. The polystyrene/chitosan for water
cadmium removal procedure was enhanced by adding cobalt
(CoCl,) and aluminium (Al (NO3);) metal hydroxide nano-
particles. Polystyrene and fungal chitosan formed a narrowly

RSC Adv, 2026, 16, 24482-24517 | 24491


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00347h

Open Access Article. Published on 11 May 2026. Downloaded on 5/13/2026 4:55:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

mesoporous material. In contrast, sub-driven nanocomposite
material was microporous. The polystyrene/fungal chitosan (P-
AFC) structure has a surface area of 57.0 m* g, compared to
36.9 m> g ! for the fungal chitosan-polystyrene-Co nano-
composites (FCPNC) structure. Chitosan, due to its chemical
structure may remove anions or cations, depending on the
pollutants. Chitosan's limited specific surface area, low
mechanical strength, lack of porosity, and excess of functional
groups limit its usage in water treatment. Using nanoparticles
to synthesize new sorbents that improve chitosan's mechanical
properties, solubility, and adsorption: nano-sized adsorbents
function well due to their high specific surface area and absence
of intra-particle diffusion interference.®

A polymer-metal nanocomposite that degrades Calcon dye by
combining sulfonated waste polystyrene (SWPS) with cobalt
ferrite magnetic nanoparticles (CoFe,0,-MNp) in varying
concentrations. A decrease in average particle size from 27.5 to
1.1 nm was observed with an increase in MNp loading; subse-
quently, their effectiveness in degrading azo dye was evaluated.
Degradation caused by the small size of SWPS/MNp particles.
MNp CoFe,0, has several applications due to its excellent
magnetic characteristics. The effectiveness of the design
intended for degrading dye from water-based solutions is
hindered by solution aggregation and limited surface accessi-
bility. The agglomeration of CoFe,0, prevented through surface
modification using SWPS. This method modifies the physico-
chemical characteristics of nanoparticles by manipulating their
size and shape.®

Other research showed, via surface property measurements,
that the enhanced specific surface area of cobalt hydroxide
nanoparticles doped in PS functions as an adsorbent for the
removal of dyes and heavy metals from wastewater.®

3.1.4. Copper NPs. Copper and nickel nanoparticles were
synthesized and incorporated into a carboxymethyl cellulose—-
polystyrene derivative (CMC-PSIS) solid substrate, which was
then molded into films. Both types of nanoparticles acted as dip
catalysts, with sodium borohydride (NaBH,) used as a reducing
agent to reduce 4-nitrophenol (4NP) or to degrade cationic dyes.
The nanofibrous structure and the presence of -OH groups in
cellulose make it an ideal matrix for hosting metal
nanoparticles.

For instance, PSIS, which stands for polystyrene-block-poly-
isoprene-block-polystyrene, is a block copolymer that exhibits
a range of physical characteristics, including hydrophobicity
and elasticity. It also possesses outstanding mechanical
strength. By dispersing metal nanoparticles within bacterial
cellulose, nanocomposites with both magnetic and elastic
properties are created.®

The addition of copper particles and a lead/tin solder alloy
enhances the electrical conductivity of polystyrene. For optimal
conductivity, the application of flux is essential. The “bulk
soldering” procedure is employed to combine polystyrene,
molten solder, and copper particles to create conductive ther-
moplastic polymer composites. It is important to remove the
oxide coating from the copper particles before the solder can
effectively wet them.®*® Micelles, which have particle diameters
ranging from 10 to 40 nm, enhance thermal stability and reduce
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clumping in composites made of copper nanoparticles and
polystyrene (CuNPs/PS). Compared to pure polystyrene, the
polystyrene in the CuNPs/PS composite exhibits a lower poly-
dispersity index and a higher molecular weight.**

3.1.5. Titanium NPs. Polystyrene and titanium dioxide
(TiO,) nanoparticles chemically bond to create composites that
achieve high coating efficiency while displaying unique elec-
trical and visual characteristics. Recent studies have shown that
macroporous polystyrene beads (NS) functionalized with
quaternary ammonium groups possess a specific pore size
along with a high density of positively charged groups con-
nected to the polystyrene matrix. The nanocomposite Ti-NS,
which consists of these macroporous structures immobilized
with titanium oxides, is designed to enhance phosphate
removal from wastewater. Additionally, it is important to
consider how the presence of competing ions (S0,>~, NO; ~, and
Cl7) affects phosphate removal.®®

The study conducted by W. Wang et al. (2013) investigates
how ultraviolet light affects shape memory in titanium oxide-
polystyrene (TiO-SMPS) nanocomposites. This nanocomposite
can absorb light energy, resulting in physical or chemical
interactions either within the molecules or between them. The
TiO-SMPS composite has enhanced optical absorption, making
it an ideal candidate for applications in biomedicine, actuators,
and the automotive industry.*?

3.1.6. Others. The project involves the incorporation of
chromium terephthalate metal-organic frameworks (MOF-Cr)
and the upcycling of polystyrene foam waste (PSW) through
electrospinning. The goal is to create a nanofiber composite
adsorbent capable of capturing hazardous cationic organic
dyes, specifically crystal violet. Nanofibers produced from
polymers with limited functional groups, such as polystyrene,
require modification to enhance their adsorption capabilities.
Metal-organic frameworks (MOFs) can significantly improve
the adsorption properties of these nanofibers due to their high
surface area and multiple adsorption sites. MOFs are effective at
absorbing pollutants and organic dyes. However, after the
adsorption process, powdered MOFs can be challenging to
separate from aqueous solutions, leading to potential secondary
contamination. To address issues related to the separation,
reuse, handling, and difficulties associated with powdered
MOFs, this study will explore the possibility of attaching MOFs
directly to the nanofibers.*®

The study focuses on using composites of nickel hydroxide
and polystyrene to adsorb methylene blue and iron(um) from
water. Hydroxides and metal oxides are known for their
numerous active sites and high specific surface areas. However,
their large surface area relative to their volume can lead to
clumping. This issue can be addressed by creating hybrid
polymeric/inorganic materials that combine polymers with
metal oxides and hydroxides.®

A thermally coupled styrene-acrylic copolymer partially
esterified with melamine resin and incorporating 20 nm ZnO
nanoparticles as a filler, formed polymer nanocomposite films
in water. The presence of extra chains in the styrene-acrylic
polymer, along with a crosslinking agent and the Nano ZnO,
enhanced intermolecular cross-linking while reducing swelling
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in both water and benzene. In these polymer nanocomposites,
zinc oxide nanoparticles serve as bactericides and active sites.
Active sites in ZnO are created by oxygen vacancies, oxygen
interstitials, and zinc interstitials, which help prevent electron-
hole recombination. Additionally, the three-dimensional
structure of ZnO nanoparticles within the polymer film
improves mechanical properties and stabilizes the
nanoparticles.®®

Lead was removed and reinforced using polystyrene, which
was supported by zirconium phosphate nanoparticles. The
dispersion of Nano-ZrP is significantly improved by the
presence of charged functional groups, such as -SO; and
-CH,N"(CHj3);, compared to the neutral CL group. In addition
to potential specific interactions with selected contaminants,
the superior performance of inorganic nanoparticles can be
attributed to their higher surface-to-volume ratio and increased
number of active sites compared to bulk materials.*

3.2. PS clay nanocomposites

In addition to being novel and cost-effective, polymer nano-
composite raw materials derived from clay minerals possess
a layered structure, a high aspect ratio, exceptional in-plane
strength and stiffness, and versatile intercalation chemistry.
Nanoclays, including kaolinite, bentonite, hectorite, and
montmorillonite, are used to enhance the mechanical proper-
ties and performance of polymers. Clay-polymer nano-
composites can be exfoliated, intercalated, or phase-separated,
offering excellent deformation, biodegradability, and chemical
resistance, while also eliminating contaminants. Compared to
their individual components, clay-polymer nanocomposites
(CPNs) demonstrate superior performance in water treatment
and adsorption. Moreover, CPNs renew more effectively than
conventional clay materials. These composites can be made
from various polymers, including polyesters, chitosan, polyvinyl
chloride (PVC), PP, epoxies, PS, and PU. They improve the
mechanical characteristics, flame retardance, solvent resis-
tance, thermal stability, and barrier properties of affordable
nanostructured polymeric materials, such as polystyrene.
However, the ability of clay-polystyrene nanocomposites,
a specific type of CPN, to remove water impurities has not been
thoroughly investigated.>***%>

Shape memory nanocomposites were developed using
chemically cross-linked PS copolymers combined with various
nano fillers, such as alumina, silica, and clay. Compared to
unreinforced PS, these nanocomposites exhibit enhanced
thermal and mechanical properties, including shape memory
characteristics. Notably, heat-treated nano clay provided the
most significant improvement in strength, while composites
containing clay achieved the highest storage modulus and
optimal energy absorption capacity.*®

Organoclays possess a layered structure but have a low
surface area, poor hydrophilic sites, and face challenges such as
clay particle aggregation and mineral impurities when
untreated. These characteristics can be improved through acid
treatments and other methods. Organoclays have a wide range
of applications, including serving as fillers in membrane
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technology to enhance barrier performance and in various
polymer technologies. The combination of organoclay (OC) with
PS or PVC demonstrates good miscibility. The cation exchange
method employed to produce organoclay uses cetylpyridinium
chloride as the cationic surfactant. The miscibility of PS and
PVC polymers is further enhanced by the multiple layers of
exfoliated organoclay.®”

Nano clay and polystyrene nanocomposites represent some
of the most exciting and rapidly evolving fields in polymer
science and technology. These polystyrene/clay composites
serve as effective adsorbents for removing heavy metals, such as
lead ions, from wastewater due to their porous structure and
high surface area.®® A recent study highlighted that ceramic
membranes, which are hybrid membranes composed of kaolin
and expanded polystyrene, are effective in removing methylene
blue from water. Heating the membranes to 1000 °C deterio-
rated the polystyrene, allowing the clay matrix to expand its
surface area and create pores.*

Nano zeolites (NZ), characterized by a uniform crystal size of
100 nm, are highly effective proton conductors. This effective-
ness is due to their larger outer surface areas, smaller channels,
and shorter diffusion path lengths compared to micro zeolites.
The high silica content and solid acidity of NZs further enhance
the proton conductivity of hybrid materials. At elevated
temperatures, the functionalized nanocomposite exhibits
a proton conductivity of 1 x 107> S em™*, while also demon-
strating hydrophilic properties, chemical stability, and
impressive mechanical strength.

According to El Mansoub et al. (2025), sulfonated polystyrene
is incorporated into inorganic and organic composites by using
NZ as a catalyst in a microwave-assisted process. The effective-
ness of these resins in removing cationic dyes, such as methy-
lene blue and safranin T, from synthetic solutions has been
evaluated, revealing high absorption capacities.*

3.3. PS silica nanocomposites

The fascinating properties of organic-inorganic hybrid
composites include catalytic, optical, mechanical, electrical,
and magnetic capabilities. Among these composites, polymer/
silica composites stand out due to their mechanical character-
istics and morphologies. Silica is an excellent material because
of its porosity, high specific surface area, malleability, and
resistance. Silica fillers have several surface groups and exhibit
hydrophilic properties.

There are both physical and chemical methods for modifying
the surface of precipitated or colloidal silica. Polymer/silica
composites have a wide range of potential applications,
including enzyme immobilization, dye adsorption, coatings,
catalysis, biomedicine, medicine, electronics, and the removal
of harmful metal ions from wastewater. Additionally, silica is
a common additive to PS, which is a widely used filler in both
inorganic-organic and organic-organic composites due to its
many beneficial qualities.*>*

Hollow mesoporous silica microspheres (HMSMs) are
a distinct type of nanomaterial characterized by their hollow
structure and mesoporous features, with pore sizes ranging
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from 2 to 50 nm. These microspheres offer several advantages,
including a high specific surface area, significant pore volume,
tailored pore sizes, low density, lightweight properties, chem-
ical stability, and controlled release capabilities. HMSMs are
utilized in various applications such as drug delivery, catalysis,
adsorption, and environmental remediation. They are typically
produced using polystyrene microspheres (PSMs) as templates,
cetyltrimethyl ammonium bromide (CTAB) as a surfactant and
pore-forming agent, ammonia solution as an alkaline catalyst,
and tetraethyl orthosilicate (TEOS) as a silica source. The
resulting HMSMs have an average diameter of 336.33 nm and
a shell thickness of 14.52 nm, exhibiting high dispersibility and
uniformity. Increasing the amount of CTAB can enhance the
uniformity and completeness of the SiO, coating on the PSM
template.””

The structure, thermal behavior, and fabrication of poly-
crystalline silicon (Si) and PS nanocomposites were examined.
In these nanocomposites, the polymer matrix contains clusters
of silicon nanoparticles. The presence of silicon nanoparticles,
particularly those measuring 50 nanometers, increases the
thermal breakdown temperature of polystyrene. Additionally,
when silicon nanoparticles are evenly distributed throughout
the polymer matrix, they create a heat barrier. The movement of
polymer macromolecules is primarily limited by adsorption
occurring on the porous surface of the silicon.”® Silica support is
utilized to immobilize azomethine in polystyrene/silica
composites. Alternative names for functionalized polystyrene
include PSNO,, PSH, PSCl, and PSCH;. The APSH-Si composite
shows significant potential for industrial applications due to its
superior surface roughness and enhanced heat stability, which
result from the interaction between silica and the polymer
matrix.”

The recently introduced combination of polystyrene and
silica nanoparticles has demonstrated promising adsorption
capabilities for methylene blue (MB) dyes, thanks to its advan-
tageous porous structure. To enhance the effectiveness of these
composites in removing dye species, a layer of highly porous
polystyrene was applied to cover the polar silica nanoparticles.
The pores in the polystyrene allow dye molecules to interact
with the silicon oxide particles, providing selectivity for the
organic components of the MB dye.” This process allows for the
recycling of expanded polystyrene by synthesizing polystyrene
sulfonic acid (PSSA). Composites of polystyrene sulfonic acid
and silicon dioxide are utilized as solid adsorbents to remove
organic dyes from water. Fig. 4 displays the PSSA/SiO,
composite structure, which illustrates how the sulfonated
polystyrene chains and silica nanoparticles work together to
improve the adsorption efficacy. Sulfonic acid groups (-SO;H)
attached to polystyrene backbones create negatively charged
active sites where cationic pollutants can interact through
electrostatic interaction and ion-exchange processes. Hydro-
philicity, surface complexation with metal ions, and hydrogen
bonding are all enhanced by the addition of silica particles,
which also increases the quantity of surface hydroxyl groups
(-Si-OH). Because of the increased surface area and the fact that
the polymer chains do not clump as a result of the dispersion of
SiO, within the matrix, the adsorption sites are also more
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Fig. 4 The PSSA/SiO, composite structure is presented schematically
as an interaction between sulfonated polystyrene chains and silica
nanoparticles. The sulfonic acid groups and surface hydroxyl groups of
the silica contribute to electrostatic interaction, ion exchange,
hydrogen bonding, and improved accessibility of the adsorption sites,
reproduced from an open access source’ [R. Abouzeid, H.
Dardeer, M. Mahgoub, and A. Abdelkader, 2021], licensed under CC BY.

accessible. This organic-inorganic hybrid structure outper-
forms pure sulfonated polystyrene materials in terms of
mechanical stability, swelling behaviour, and adsorption effi-
ciency. The impregnation process creates PSSA/SiO, composites
using quartz in three different concentrations: 5%, 10%, and
20%. Composites made with PSSA exhibit enhanced thermal
stability, improved surface morphology, and increased
crystallinity.”

Monoliths made from polystyrene, lignin, and nanoparticles
of OV-POSS (a rigid inorganic silica cage structure) were devel-
oped for wastewater treatment through a process called
thermal-induced phase separation (TIPS). Lignin serves as an
effective filler or reinforcement in thermoplastic polymers,
creating a hybrid system with improved properties. The addi-
tion of OV-POSS enhanced the compatibility of the matrix
system and improved the dispersion of lignin. The thermal
properties of the blend were also improved after incorporating
POSS into the monolith. Additionally, the surface characteris-
tics of the monolith were enhanced, increasing its oleophilicity
and altering the water contact angle. With a separation effi-
ciency exceeding 90%, this blend effectively and selectively
absorbs organic liquids and oils from water mixtures.” Polymer
composites that include polar hydrophilic silicon nano-
particles, often referred to as white carbon black, exhibit lower
thermal heat capacity and improved dispersion stability when
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Fig. 5 This is a schematic showing the hydrophobic modification of nano-SiO, by grafting silane onto electrospun polystyrene fibers, and the
subsequent mechanism of selective oil-water separation by means of decreased surface energy, enhanced surface roughness, and the
formation of structured porous structures. Reproduced from?? with permission from [Elsevier] [Zhihui Dong,Nan Qu,Qiushi Jiang, Tong Zhang,
Zhaolian Han, Jiapeng Li, Ruigi Zhang, Zhigiang Cheng, Journal of Environmental Chemical Engineering, 12(2024)112690], copyright 2024.

modified with silanes. An effective oil absorption material is
created through the synthesis of electrospun nanosilica
composites made from polystyrene and silane. These compos-
ites can absorb oils up to 136 times their weight, making them
exceptional oil absorbents. Hydrophobic nano-SiO, modified
polystyrene composite fibers and their use in oil-water separa-
tion are shown in Fig. 5. At first, hydrophilic silica is trans-
formed into hydrophobic nano-SiO, (hSiO,) by chemically
modifying silica nanoparticles with surface hydroxyl groups
(-Si-OH) through silane coupling processes and adding
hydrophobic alkyl chains to their surfaces. The modified
nanoparticles are electrospun into a fibrous structure across the
polystyrene matrix, creating a homogeneous distribution.
Composite fibers with hydrophobic alkyl-grafted silica have
a structured micro/nano-structured interface that is highly oil-
affinic and water-repellent due to increased surface roughness
and decreased surface energy. The porous composite network
allows oil droplets to pass through but water cannot, according
to the combined effects of surface-modified silica and the
hydrophobicity of polystyrene. Therefore, compared with pure
polystyrene fibers, the PS/hSiO, composite membrane exhibits
enhanced stability and separation efficiency.”

By adsorbing and polymerizing the aniline medium, the
sulfonated polystyrene template particles effectively bond with
the silica particles. The microgel structure enables both the
aniline medium and the silica particles to expand into the
polystyrene sulfonate (PSS) particle shells. This process results
in the formation of silica microcapsules with customizable shell
thicknesses.**

3.4. PS hybrid nanocomposites

Silica magnetic microspheres coated with polystyrene are
utilized to estimate organochlorine pesticide residues in food.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The adsorbent is made from a composite material known as
Fe;0,4-Si0,-PS, which is created using chemical co-precipitation
and polymerization cross-linking processes. This procedure
involves coating magnetic microspheres with layers of poly-
styrene and silica. Larger particles are less likely to clump
together, exhibit greater hydrophobicity, and can be more easily
dispersed in solutions. This method partially addresses the
issue of self-settling, which reduces the effectiveness of
magnetic adsorbents, as polystyrene and water have similar
densities.”™

A stable superhydrophobic structure has been developed by
immersing synthesized organic-inorganic nanoparticles in
polyurethane (PU) sponges, using polydimethylsiloxane (PDMS)
as a coupling agent. This method enables effective oil-water
separation. The organic-inorganic nanoparticles consist of
silica (SiO,) nanoparticles that are grafted onto a copolymer
made of polystyrene and oleic acid. The combination of the
hydrophobic properties of polystyrene and oleic acid, along
with the modified nanoparticle’'s ability to create surface
roughness, allows the sponge to exhibit stable super-
hydrophobic characteristics.”

Polystyrene/silica and poly(styrene-co-butyl acrylate)/silica
nanocomposite particles are produced using commercially
available, non-functionalized silica nanoparticles through
a Pickering emulsion polymerization process. Two key factors
contribute to the adherence of silica nanoparticles to the
growing latex particles: the ability of more hydrophobic oligo-
mers to wet the hydrophilic silica nanoparticles, and the elec-
trostatic interaction between the silica nanoparticles and
oppositely charged oligoradicals.”

Magnetic polystyrene nanocomposite mixes incorporate
silica-coated iron oxide nanoparticles. These hydrophobic and
oleophilic magnetic polymer nanocomposites effectively
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Fe®* salts and CTAB under N, atmosphere; (iii) incorporation of magnetic MWCNTSs into polystyrene nanosorbent. Magnetite facilitates efficient
magnetic recovery after adsorption, while surface oxygen functionalities improve hydrophilicity, dispersibility, and FesO,4 growth nucleation,
reproduced from an open access source.”” [T. A. Abdullah et al., 2021], licensed under CC BY.

remove oil from water in a rapid manner. A new line of absor-
bents exhibits exceptional hydrophobicity, low density, and
allows for easy magnetic separation, making them effective for
recovering oil from both freshwater and saltwater spills.”®

Polystyrene, ferric oxide, and multiwall carbon nanotube
nanocomposites exhibit elevated adsorption capacity and
removal efficiency for aqueous toluene absorption as shown in
Fig. 6. Oxygen-containing functional groups, mainly carboxyl
and hydroxyl, are introduced to multi-walled carbon nanotubes
(MWCNTSs) by oxidizing them with strong acids as HNOs,
H,S0,, and H,0,, increasing surface polarity and wetting while
creating negatively charged sites for binding Fe”*/Fe*" ions.
Magnetite nanoparticles form on these functionalized nano-
tubes through controlled base addition (NH,OH), with cetyl-
trimethyl-ammonium bromide (CTAB) acting as a surfactant
to prevent bulk precipitation and ensure uniform dispersion.
The resulting composite sorbent, made by combining
magnetite-decorated MWCNTs with polystyrene, provides
adsorption sites for aromatic organics like toluene via w-m
interactions and van der Waals forces. The polystyrene matrix
enhances mechanical strength and modulates hydrophobicity,
affecting uptake kinetics. The nanosorbent effectively absorbs
toluene, and surface oxygen groups may facilitate secondary
interactions with polar species. Post-adsorption, the composite
can be easily recovered using a magnetic field.”

24496 | RSC Adv, 2026, 16, 24482-24517

4. PS-based composites industrial-
scale challenges

4.1. Approaches for copolymerization and polymerization

The three predominant in situ polymerization techniques for PS
nanocomposites are bulk, emulsion, and suspension
approaches. Mocan & Uyanik (2013) presented the outcomes of
a direct comparison between in situ bulk and emulsion poly-
merization. Emulsion polymerization produced
composites with enhanced thermal properties and increased
clay interlayer spacings, signifying that the polymer was more
efficiently intercalated into the clay galleries.®® Conversely,
emulsion polymerization necessitates a precise selection of
surfactants, including sodium dodecyl sulphate (SDS) or
quaternary ammonium salts, as well as initiators such as water-
soluble potassium persulfate (KPS) or oil-soluble azobis-
isobutyronitrile (AIBN), all of which influence the ultimate
morphology, polymerization rate, and particle size.*” Gha-
semzadeh et al. (2014) noted that including organoclay during
suspension polymerization decreased monomer conversion
and increased particle size. This occurs due to the interaction
between clay and the kinetics of polymerization.”® Nair (2017)
tested AIBN and benzoyl peroxide (BPO) as initiators for in situ
PS/kaolinite synthesis; AIBN was determined to be more
forgiving. Composites made via BPO synthesis in an

nano-
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environment devoid of nitrogen had low molecular weight and
conversion, in contrast to AIBN, which, when synthesized in
nitrogen, exhibited much improved mechanical characteris-
tics.® At low clay loadings (about 2 wt%), in situ polymerization
yielded the most superior mechanical properties and interca-
lation. Nevertheless, with increased loadings, this benefit
dissipated, and all three methods exhibited comparable
performance.’® This loading-dependent performance occurs
consistently and regularly.

4.2. Filler dispersion

Filler dispersion is frequently identified in literature as the
primary challenge. Nanofillers possess a large surface area and
powerful particle-particle interactions that promote agglomer-
ation.'®*'° Ashraf et al. (2018), in a widely referenced modelling
work, demonstrated that 2 g of well-dispersed 10 nm nano-
particles generates about 250 m” of interfacial area with the
polymer matrix; however, aggregation significantly diminishes
this effective area and compromises mechanical characteris-
tics.'” The desired result for clay fillers is exfoliation, which
involves the total separation of silicate layers; however, most PS/
clay systems approach only intercalation, when polymer chains
are introduced between layers without full separation, or exhibit
mixed intercalated/flocculated morphologies. Liauw et al
(2007) discovered that despite the optimized organophilic
alteration of montmorillonite (MMT) by cation exchange, their
PS nanocomposites exhibited a mixed intercalated/flocculated
morphology without substantial exfoliation.'®® Carastan et al.
(2010) indicated that block copolymer designs, polystyrene and
two styrene-containing block copolymers (styrene-butadiene-
styrene and styrene-ethylene/butylene-styrene) attained supe-
rior clay dispersion compared to homopolymer PS and that
solvent-based mixing surpassed melt processing.'**

4.3. Industrial bottlenecks

The recent publication addresses the industrial challenge of
nanoparticle dispersion, highlighting methods to improve the
properties of nanocomposites, including mechanical strength,
thermal stability, and conductivity.'*> Mahbubur Rahman et al.
(2025) address various dispersion methods (in situ polymeriza-
tion, twin screw extrusion, sol-gel processes), while Adrian
Moreno et al. (2024) identify challenges such as solvent insta-
bility and aggregation, highlighting significant gaps. The issue
of long-term stability is rarely discussed.’®® Techno-economic
analysis is addressed only superficially, emphasizing the
commercial viability and life-cycle evaluations of biodegradable
polymers as discussed by Swarn Jha et al. (2024) and Ravinder
Kumar et al. (2023)."7° Nonetheless, neither analysis PS-based
systems directly. The absence of comparative analysis between
PS-based composites and other polymers, such as PP, PE, or
PVC is emphasized, especially in light of the comprehensive
review of PP nanocomposites by Md. Tanvir Hossain et al.
(2024), which also fails to benchmark against PS. The recog-
nized research gap remains predominantly unaddressed.'®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.4. Functional fillers in PS-based composites:
a performance comparison

As a carbon-based filler, Moskalyuk et al. (2023) showed that the
introduction of the layered filler provided the most pronounced
rise in the composite rigidity. Compared spherical fullerene,
filamentary MWCNTs, and layered graphene platelets in PS
developed with the same melt processing method. The stiffness
increase was strongest with graphene platelets, followed by
MWCNTs, which were intermediate, and finally fullerene,
which was the weakest. Below 0.5wt%, reinforcement had no
effect and became significant at 5wt%."** Composites composed
of MWCNT and PS were created by Giindogan and Karaagac
(2025) using injection moulding with a weight percentage of
0.1-0.3 wt%. Of all the loadings tested, the 0.3 wt% MWCNT
composite exhibited the greatest tensile strength and elonga-
tion as well as the best thermal stability (degradation complete
at 539 °C)."* Carbon nanoparticles/polystyrene (PS)—Inject
moulding PS with as little as 0.025 weight percent of carbon
nanoparticles increased the material's tensile and impact
strengths; however, cracking occurred at higher concentra-
tions."** Zhang et al. (2024) examined the use of recycled tire
lining materials as fillers in PS composites, including ground
rubber, carbon black, and textile fibers. The review covered
mechanical, flame-retardant, acoustic, and electromagnetic
interference (EMI) shielding properties.’*® Li et al. (2024) took
a broader look at the way a nanofiller geometry includes carbon
black (CB), carbon nanotubes (CNTs) and graphene nano-
platelets (GNPs)."**

Graphene oxide/polystyrene (PS/GO) nanocomposites were
studied by Mohammadsalih et al. (2023) using peak-force
nanomechanical mapping. They found that the PS matrix had
a Young's modulus of about 1-2 GPa with well-dispersed GO
nanosheets, and the GO content was 1.0 weight percent."** The
Young's modulus was significantly improved by 122% and
143% at 0.5 and 1.0 wt% GO loading, respectively, when
Mohammadsalih et al. (2024) used THF for solution casting.'*®
In a study conducted by Fatima et al. (2024), it was discovered
that expanded polystyrene (EPS) with reduced graphene oxide
(rGO) had significantly better properties than neat EPS. Specif-
ically, the composite of EPS and rGO resulted in a jump in
Young's modulus from 12.4 MPa to 96.3 MPa, and an increase
in yield strength from approximately 1 MPa to 46.6 MPa. There
was a marked improvement in thermal stability as well. While
the addition of polystyrene-b-poly(ethylene-ran-butylene)-b-
polystyrene-grafted maleic anhydride (SEBS-g-MA) compatibil-
izer did improve ductility, it did reduce stiffness slightly.""”

For PS/silica composites made by melt mixing, Thomas
(2024) discovered that the tensile moduli were higher when the
silica content was higher. The mechanical properties were
improved by adding a half weight percent amino silane
coupling agent; the optimal percentage of silica and coupling
agent was fifteen weight percent.''® Improved dispersion,
enhanced mechanical properties, and increased thermal
stability were reported by Amira et al. (2024) for organoclay/PS
nanocomposites prepared via melt compounding with N,N,N-
trimethyl-1-hexadecyl ammonium chloride THDACIl-modified
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montmorillonite (1-10 wt%)."*® At 5 weight percent clay content,
the Young's modulus, impact resistance, and tensile strength
were determined to be optimal by Khiati et al. (2024) when
optimizing PS with Algerian organophilic clay (Maghnite)
through in situ polymerization.”” The melt-blended PS/
modified sepiolite nanocomposites were created by Ur Reh-
man et al. (2023) using sepiolite clay. The optimal composition
resulted in a 48% reduction in burning rate and improved
mechanical properties.”” Organo-montmorillonite (MMT)
encapsulation—Akelah et al. (2025) achieved exfoliated struc-
tures with significantly improved thermal stability by devel-
oping a novel miniemulsion polymerization route to
encapsulate MMT in PS.**

Incorporating metallic NPs with PS composites, PbO/PS—
Osman et al. (2023) examined bulk and nano-sized PbO (78 nm
and 54 nm) in PS, showing that the minimal particle size
resulted in improved diffusion and a more robust enhancement
of stiffness, with optimal strength achieved at 15 wt%."* In
a recent review, Kadhim & Hashim (2023) discussed PS doped
with metal oxide NPs and their biological and industrial
applications.**

In general, the results of the current research corroborate
previous conclusions: fillers made of graphene or graphene
oxide provide the highest mechanical improvements per unit
loading, carbon nanotubes provide an optimal combination of
mechanical and electrical enhancement, and clays continue to
be appealing due to their multifunctional performance, which
includes flame retardancy, thermal management, and
mechanical properties.

5. Conductive polystyrene
composites

An electrically conductive composite is a material that contains
sufficient conductive components to ensure consistent and
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high conductivity, primarily determined by the mobility of
electrons. The characteristics of the composite are significantly
influenced by the types of fillers used and their interactions
with the matrix. Fillers can be categorized into several types,
including metal particles like silver, copper, and nickel, high-
carbon content fillers, and conductive polymers.**

Conductive polymers (CPs) are materials that include poly-
acetylene (PA), polypyrrole (PPy), polythiophene (PTh), poly-
fluorenes (PFs), and polyaniline (PANI). Polyacetylene is known
for its high conductivity, but it has inferior mechanical prop-
erties. Polypyrrole is commonly used in sensors and capacitors,
while polythiophene is valued for its electrical conductivity,
environmental stability, and versatility in organic electronics.
Polyfluorenes are recognized for their luminescent properties,
and polyaniline is appreciated for its adjustable conductivity,
environmental stability, and ease of synthesis. These conduc-
tive polymers can be engineered to enhance conductivity, flex-
ibility, and mechanical characteristics, making them suitable
for various applications in electronics, sensors, energy storage,
and conversion technologies. This review was described many
fabrication methods, and Fig. 7 shows their importance in
creating novel conductive textiles.**®

In detail, conductive polymer-based textiles have been made
using CVD, in situ polymerization, and electrochemical poly-
merization, dip coating, spray coating, electrospinning, vacuum
filtration, hydrothermal synthesis, and screen-printing. High-
performance textiles benefit from CVD's precise polymer layer
thickness and homogeneity control. In situ and electrochemical
polymerisation directly integrate conductive polymers onto
fabric, thereby enhancing conductivity and flexibility. Dip and
spray coatings apply conductive material consistently and
provide patterned designs for specific functions. Electro-
spinning provides fine fibers for conductivity and surface area,
while vacuum filtering adheres conductive layers to porous
textiles. Hydrothermal synthesis grows nanostructures to
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Fig. 7 Schematic fabrication techniques for conductive polymer composites for multifunctional applications. (a) Chemical vapor deposition
(CVD), (b) electrospinning, (c) vacuum filtration, (d) electrodeposition, (e) hydrothermal synthesis, (f) dip coating, (g) screen printing, (h) spraying,
and (i) in situ polymerization. Reproduced from an open access source.’?® [M. A. Shahid et al., 2025], licensed under CC BY.
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Table 3 Conductivity of polystyrene and different conductive fillers

Filler type Electrical conductivity [Scm™']  References
Silver, gold, iron 10° 129
Carbon nanotubes 3.8 x 10° 128
Graphene 6000

Graphite 10*

Carbon black 0.1-10>

Silicon, germanium 10" 129
Doped polyaniline 10"

Un-doped polyaniline  10~®

improve textile electrical properties. In advanced designs,
screen-printing allows scalable conductive ink application.

The incorporation of a conductive filler converts most elec-
trically and thermally insulating polymers into semiconductors,
thereby improving the electrical and thermal conductivity
of polymer composites. Metal fillers, carbon-based fillers,
and conductive polymers can enhance the physical
properties of polymers, particularly polystyrene (its conductivity
6.7 x 107" S em™")."* This is illustrated in Table 3, which
compares the electrical conductivity of these composites with
that of polystyrene."”® Moreover, conductive polymers, such as
PANI, exhibit electrical conductivity in their emeraldine salt
configuration. The conductivity range of PANI varies from
6 =10"""S em™" (in the undoped base form) to ¢ = 10 S ecm™"
(in the doped salt form).

In the context of conductive nanocomposites based on
polystyrene, their potential as advanced adsorbents has been
critically reviewed. Table 4 presents an overview of the findings
and improvements in conductive nanocomposite ion exchange
(IEX) materials for water treatment. Furthermore, the use of
conductive polymers, such as PANI, along with low-dimensional
carbon materials like carbon nanotubes and graphene and its
derivatives, shows promise for enhancing the properties of ion
exchange materials at the laboratory scale. This encompasses
factors such as the type of conductive filler used, the conditions
for composite synthesis, the pollutants removed, the adsorption
conditions, the fitting models for isotherms and kinetics, and
overall performance efficiency.

129

5.1. PS polyaniline nanocomposites

Polyaniline (PANI) has garnered significant research interest
due to its unique electrical properties and several advantages,
including easy synthesis, low cost, and environmental stability.
Its reactive NH groups enable the effective adsorption of aquatic
pollutants, such as organic dyes, heavy metals, and emerging
contaminants. The performance of PANI-based adsorbents can
be improved by modifying their shape, pore size, surface
charge, and functional groups. These modifications leverage
mechanisms like electrostatic interactions and hydrogen
bonding.**” However, the limited mechanical properties and
solubility of PANI can be enhanced through various synthesis
techniques, including the development of composites with

© 2026 The Author(s). Published by the Royal Society of Chemistry
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materials such as silica, carbon nanotubes, and metal-organic
frameworks. "3

Polyaniline-based composites, created by mixing polyaniline
with one or more similar or different materials, have demon-
strated effectiveness as adsorbents capable of extracting and
detoxifying various contaminants, including heavy metals.®®
Additionally, PANI serves as an effective platform for hetero-
genizing catalysts, and copolymerization can enhance the
properties of the resulting materials. Ion exchange with heavy
metals has also been reported in PANI-PS-based adsorbents.'*®
To remove arsenic(u) and (v), polyaniline (PANI) is coated onto
polystyrene nanoparticles. The presence of aniline's amine
group allows it to effectively absorb anions like arsenic. The
synthesized polyaniline, which contains small dopants such as
Cl-, clo,”, and SO,>”, demonstrates an anion-exchanger
behavior due to the mobility of ions within the polymer
matrix. In contrast, cation exchange occurs with larger dopants,
such as polystyrene sulfonate, because of their immobility
within the polymer matrix.”** The PANI/polystyrene composite
has been studied for its ability to adsorb Hg(u), Pb(u), and Cr(vi)
ions from solutions. Researchers have explored effective
methods to incorporate PANI chains into pristine PS mats
without compromising their porosity or mechanical flexibility.
The resulting composites feature nanostructured PANI chains
dispersed throughout the PS mat, enhancing their electrical and
surface-wetting properties. These polymers contain numerous
amine and imine functional groups, which enable strong
interactions with metal ions that have a high affinity for
nitrogen.”*"*** To identify trace amounts of atrazine (ATZ) in
water, we polymerized PANI into biochar (BC) particles using
polystyrene sulfonate (PSS). This process created a conductive
and electrochemically active layer by synthesizing PANI and
then applying a composite of BC nanoparticles modified with
PSS onto a screen-printed electrode. Bovine serum albumin
(BSA) is used to block non-specific binding sites, while the anti-
ATZ antibody is covalently attached to the PANI. Sugarcane bi-
ochar is an affordable and highly conductive material with
a large surface area, which makes it an excellent choice for
linking PANI and PSS. This methodology leads to the develop-
ment of electrochemical immunosensors for detecting ATZ.**

The use of polystyrene-based sorbents has been improved for
the extraction of psychoactive drugs from biofluids by incor-
porating polyaniline and zirconium dioxide (ZrO,) particles.
Specific triazines were extracted from water samples using
polyaniline (PANI)-based fibers via flow injections. Although
polyaniline is not commonly used for extracting drugs from
biological samples, it is primarily employed for removing
organic dyes and heavy metals from water using sorbent
materials. The specific surface area of untreated polystyrene
fibers increases when they are doped with zirconium(v) oxide
particles or polyaniline, enhancing their sorption capabilities.
This modified material can effectively remove certain
compounds from urine and plasma."*> The nanofibrous poly-
aniline-polystyrene-sulfonate sensors effectively detect ammo-
nium ions (NH,') and urea in a urine model that contains
chemical interferences. The reversible doping and de-doping
mechanism enables PANI to sense non-charged ammonia

RSC Adv, 2026, 16, 24482-24517 | 24499
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(NH,") by utilizing the lone pair of electrons on the nitrogen
atom for interaction. Additionally, by incorporating enzymes
such as arginase and creatinase, which are responsible for
detecting 1-arginine and creatinine, respectively, the NH,"
sensitive nano-PANI:PSS interface can be utilized to construct
biosensor systems.'** A water-dispersible complex of poly-
aniline and sulfonated polysulfone was created through spray
coating and has been found to be highly sensitive to ammonia
in the air. To detect ammonia vapor within a concentration
range of 25 to 52 ppm corresponding to the organoleptic
detection limit of ammonia and the maximum allowable
concentration in the workplace the PANI-SPS complex films
were tested as sensitive layers in optical sensors.*** The
adsorption of oil contaminants can be effectively achieved using
a combination of hydrophobic polystyrene (PS) fibers and
conductive PANI nanoparticles. These porous and hydrophobic
PS/PANI fibers exhibit a high capacity for adsorbing various
types of oil. PANI, a conductive polymer, enhances the proper-
ties of electrospun fibers. Compared to PS fibers, the conductive
fibers offer improved microstructure and performance. As
selective adsorbents, the conductive and hydrophobic PS/PANI
fibers are capable of absorbing several oils."*

A composite membrane that is resistant to acids and has an
enhanced ability to recover flux has been developed for use in
treating acid wastewater. This was achieved by in situ coating
a polyvinylidene fluoride (PVDF) membrane with protonated
polystyrene sulfonic acid (PSSA)-doped polyaniline. The
membrane demonstrated an impressive flux recovery rate of
95%, showcasing its exceptional anti-fouling properties. By
applying specific coating components, it became feasible to
create membranes that resist acid, which represents a prom-
ising and effective approach. The choice of coating components
is crucial for achieving acid resistance. Furthermore, improved
resistance to corrosive environments can be attained by doping
PANI, a polymer composed of benzene and quinone rings, with
various protonic acids."® Researchers developed environmen-
tally friendly PS/PANI anticorrosion coatings using PS foams,
achieving a protective efficacy of 99.99%. The coatings were
produced through a non-toxic PANI seed-polymerization
method. They exhibit excellent adhesion, low shrinkage,
ductility, and insulation properties.™®

Considering the wide range of conductivity required in the
electronics industry, these mixtures could be used in various
electronic applications, including packaging, textiles, and
electronic devices. One notable use for PANI/PSSA composites is
as a coating for textiles that serve as flexible semiconductors.
There are two methods for coating conducting textiles with
PANI-polystyrene sulfonic acid (PSSA): the aqueous procedure
and the emulsion route."” Green in situ chemical polymeriza-
tion was used to produce PS/PANI nanocomposites. The elec-
trical conductivities of the composites ranged from 10> to
107" S em™ ", indicating that PANI enhances electrical proper-
ties, as evidenced by the high decomposition temperatures of
PS. These composites have potential applications in antistatic
and charge dissipation technologies.**® The solution-cast PANI/
PS-MWCNT composite demonstrated excellent electromagnetic

shielding conductivity. There was an improvement in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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conductivity by approximately three orders of magnitude, and
the percolation threshold was very low. The electrical conduc-
tivity of the PANI/PS-MWCNT nanocomposite film was signifi-
cantly enhanced by the incorporation of MWCNTs. At room
temperature, the electrical conductivity of the PANI/PS nano-
composites is measured at 3.73 x 10°° S em™*, whereas for
PANI/PS-MWCNT, it rises to 5.72 x 10~ % S cm™'. Additionally,
the inclusion of MWCNTSs changes the PANI/PS film's conduc-
tivity type from p-type to n-type.**® There is significant potential
in the field of intelligent thermal control for satellites that
utilizes infrared electrochromic devices made from polyaniline
(PANI) to manage infrared radiation. A PANI film exhibiting
a compact micromorphology and exceptional infrared electro-
chromic properties was developed by incorporating a small
amount of PSS into the electrodeposition solution.' The PANI
blends were developed by combining various types of polymers,
including sodium alginate (SA), PVC, PS, and PVA. Among these
blends, the PANI-PVA combination stands out with a conduc-
tivity of approximately 1.22 x 10™* S em ™', making it the most
promising option for a variety of electrical applications. The
PANI-PS blend follows closely behind, exhibiting a conductivity
value of 9.27 x 107° S em™".**' A core-shell nanocomposite of
conductive polyaniline-g-polystyrene/Fe;O, was synthesized.
This process involved functionalizing styrene with amine
groups using atom transfer radical polymerization, which was
then combined with aniline through surface oxidative graft
copolymerization. The resulting conductive polymer/Fe;0,

nanocomposites  exhibit high electrical conductivity
(1.25 S em ™ ') and thermal stability, making them beneficial for
supercapacitors, electronic devices, and medical

applications.'?

5.2. PS carbon nanocomposites

Fillers containing over 90% carbon are primarily used for their
excellent electrical conductivity. High-carbon fillers include
carbon black (CB), graphite, expanded graphite, carbon nano-
tubes (CNTs), graphene, and reduced graphene oxide (rGO)."*

Research has been conducted on composites made from
polystyrene nanoparticles and MWCNTS to explore their poten-
tial applications in electromagnetic interference (EMI) shielding
and microwave attenuation. Among the nanoparticle morphol-
ogies studied, graphene oxide (GO) and spherical iron oxide
(Fe30,) demonstrate distinct characteristics. These nanoparticles
were incorporated into a composite of recycled polystyrene and
MWCNTs, referred to as the PSSMWCNT composite, using
a process known as nanoinfiltration.'* Yang et al. (2016) reported
a maximum conductivity of 1.1 x 10~® S m~" when constructing
a conductive polymer nanocomposite using multi-walled carbon
nanotubes (MWCNTs) in a foam structure, along with a poly-
electrolyte called PEDOT:PSS. This approach reduced resistance
at the inter-tube junctions and resulted in increased conduc-
tivity."** Ahmed et al. (2016) found that chemically linked inter-
penetrating networks enhanced the electrical conductivity of
composites made from polyurethane, polystyrene with amino-
functional groups, and multiwall carbon nanotubes. These
composites exhibited excellent shape memory properties and

RSC Adv, 2026, 16, 24482-24517 | 24501


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00347h

Open Access Article. Published on 11 May 2026. Downloaded on 5/13/2026 4:55:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

achieved an electrical conductivity of 1.08 S em™ . The incorpo-
ration of nitro- and amino-functional groups into polystyrene led
to the formation of these matrices. This nanocomposite, con-
sisting of PS and PU, demonstrates promising shape recovery
capabilities.”® Increasing the amount of carbon nanotubes
(CNTs) in polystyrene enhances its direct current electrical
conductivity. Additionally, as both the frequency of the applied
electrical field and the weight percentage of CNTs in the
composites increase, the alternating current (AC) electrical
conductivity also rises. This improvement is accompanied by
increases in the absorption and extinction coefficients, the
refractive index, and both the real and imaginary components of
the dielectric constants.**®

Polystyrene/graphene nanocomposites have been investi-
gated for potential anticorrosion and electromagnetic interfer-
ence shielding applications due to the enhanced mechanical
and thermal properties that can be achieved by incorporating
graphene as a nano filler.”” Graphene enhances the mechanical
and thermal properties of sulfonated polystyrene (SPS). SPS
particles adhere to graphene surfaces due to the interactions
between the functional groups of GO and the -SO;H groups in
SPS. These SPS particles contribute to the formation and
stabilization of single-layer graphene sheets, resulting in
a mechanically robust and ion-conducting SPS resin. Addi-
tionally, this resin can withstand challenging conditions found
in wastewater treatment, making it a stable and effective raw
material.”® Nanocomposites made from vinyl polymer and
graphene have demonstrated potential as effective corrosion
preventive materials. Using in situ miniemulsion polymeriza-
tion, researchers developed nanocomposites that exhibited
improved corrosion resistance, specifically PS combined with
modified GO. These nanocomposites not only showed
enhanced mechanical properties but also improved gas barrier
qualities and thermal stability. According to a study by Yu et al.
(2014), there was a notable reduction in nitrogen permeability,
with decreases of 25% and 60%."** The electrical conductivity of
PS composites was improved by functionalizing the surface and
reducing GO with octadecylamine (ODA), eliminating the need
for additional reducing agents. The hydrophilic GO trans-
formed into a more hydrophobic form due to the extended
octadecyl chain. Furthermore, the process of compression
molding contributed to a slight enhancement in conductivity.'*

Microfibers made from activated carbon (AC) and poly-
styrene (PSF) were created using an electrospinning process.
The AC-PSF composite offers a promising solution as an
adsorbent for removing cationic dyes from contaminated water
due to its simple design, high reusability, and ease of handling.
By integrating activated carbon into the polystyrene fibers, we
were able to enhance and roughen the surface structure. With
a point of zero charge (pHpzc) of 3.5, the AC-PSF composite
benefits from an increase in adsorption sites on the fiber
surface, attributed to the presence of activated carbon.*
Microspheres made from a composite material consisting of
polystyrene and graphene oxide can effectively capture dye
contaminants. These microspheres, featuring a PS-GO layered
composite, were produced using the Pickering emulsion tech-
nique, with styrene acting as the soft film and GO serving as the
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shell. The adsorption of rhodamine B (RhB) and methylene blue
(MB) dyes in a synthetic solution was examined using the PS-GO
composite. Due to its various hydroxyl, carboxyl, and epoxy
groups, GO exhibits remarkable mechanical, electrical, and
thermal properties, in addition to being amphiphilic and easily
dispersible. The presence of oxygen-containing functional
groups generates several interlayer negative charges, which
enables the removal of certain cationic pollutants through
electrostatic attraction.**®

A blend of polyacrylonitrile and polystyrene (PAN/PS) was
synthesized using acid-functional carbon nanoparticles,
resulting in a PAN/PS/CNP nanocomposite foam. This new foam
demonstrated a 30% greater water absorption capacity
compared to the pure foam. Additionally, it effectively removed
hazardous Pb>" ions with an efficiency of 99%, significantly
higher than the 45% efficiency of the PAN/PS foam. The devel-
opment of this nano cellular foam for metal ion removal
involved careful design of the structural mix and the incorpo-
ration of functional nano fillers. These foams exhibit excellent
performance and are also heat and flame retardant.”** Toluene
is an organic contaminant, and the effectiveness of removing it
using PS-MWCNTs-Fe nanocomposites improved when
magnetite and polystyrene were combined. Nanoparticles
exhibit remarkable qualities such as a higher sorption rate,
super-hydrophobicity, and super-oleophilicity. These charac-
teristics form the basis for the various applications of nano-
technology.”” Furthermore, a nanocomposite of MWCNTs and
polystyrene-divinylbenzene (PS-DVB) resin, produced through
suspension polymerization, enhanced the mechanical proper-
ties and ion exchange capacity in saltwater, resulting in an
increase of cation exchange from 225 to 446.6 meq/100 g of
CNTs.'*!

5.3. Conductive fundamental mechanisms

Two related factors influence the electrical performance of
conductive composites made from polystyrene: the interfacial
interactions at the polymer-filler interface and the conduction
mechanisms among the filler particles, which create particle
networks. Recent modeling efforts have significantly clarified
these relationships. Below the percolation threshold, the
primary mechanism for charge transport is electron tunneling
between neighboring conductive fillers that are separated by
thin layers of polymer. Above the percolation threshold,
however, ohmic conduction through direct contacts between
fillers becomes the dominant mechanism.***” Tunnelling
conductance diminishes exponentially with inter-particle
distance, and recent models by Zare et al. (2025) indicate that
tunnelling distances exceeding approximately 5-6 nm result in
a composite insulator, whereas distances of 1-2 nm optimise
conductivity.® Payandehpeyman and Mazaheri (2022) pre-
sented a comprehensive micro-mechanical model indicating
that the aspect ratio of fillers is significant in determining the
percolation transition: fillers with extreme aspect ratios (below
10~2 or above 10%) enable a metallic-like conduction, whereas
aspect tend insulating
characteristics.?

intermediate ratios towards
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The interactions at the interfaces between the conductive
fillers and the polymer matrix are equally important. The
effective concentration of fillers, overall bulk conductivity, and
the connectivity of the network are all influenced by the inter-
phase, which is a thin layer of polymer surrounding each filler
particle and possessing the necessary properties. Recent studies
indicate that a thicker interphase reduces the percolation
threshold and improves conductivity by increasing the effective
volume of each filler particle, whereas insufficient interfacial
conduction (below approximately 200 S m™" for graphene
systems) can make the composite insulative independent of
filler concentration.?® Apatiga et al. (2021) employed Monte
Carlo simulations to demonstrate that non-covalent interac-
tions, specifically w-m stacking between aromatic polymers
such as polystyrene and graphene, enhance the electron mean-
free path and facilitate the percolation transition, leading to PS
more advantageous as a matrix for graphene-based composites
in comparison to non-aromatic polymers.'®> Research con-
ducted by Han et al. (2022) established that enhanced physical
interfacial interactions between the matrix and filler facilitate
the development of thermally and electrically conductive filler
networks, and that hybrid filler systems, which integrate
laminar and spherical nanoparticles, can further improve
network connectivity.'®

Three fundamental charge transport mechanisms exist in
PS-based conductive composites, dependent on filler loading
and temperature: fluctuation-induced tunneling (FIT), variable-
range hopping (VRH), and simple ohmic conduction. FIT, the
most significant mechanism, involves thermally activated
voltage fluctuations leading to tunneling conductivity as first
defined in the seminal work by Sheng et al. (1978) in carbon-
PVC composites and further confirmed in PS/CNT composites
by Kazukauskas et al. (2008).**** D. Petras et al. (2013) noted
that the PS matrix alters conduction in CNT networks,
decreasing temperature dependence.'** VRH dominates at low
temperatures where carriers hop between localized states;
Francis et al. (2019) identified insulating and metal-to-insulator
transition regimes in PS/MWCNT and PS/RGO composites,
noting a crossover with FIT around 90 K.'** Simple ohmic
conduction occurs above the percolation threshold when
a continuous conducting pathway forms, with Ambrosetti et al.
(2010) indicating tunneling behavior dominates when the ratio
of particle size to tunneling length is below 5.'% Mergen et al.
(2020) found varying percolation thresholds in PS/GNP and PS/
MWCNT composites, supporting three-dimensional filler
network behavior.*®’

6. Superconductive PS composites

6.1. The difference between conductive and superconductive
materials

Characteristics such as electrical resistance, critical tempera-
ture, magnetic field response, critical current density, and
energy gap, generally define the difference between conductive
and superconductive materials. The main characteristics are
described as follows:
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- Electrical Resistivity | normal conductors, such as copper,
have an electrical resistivity of approximately 1.7 x 107% Q m at
ambient temperature. This value decreases to around 10~ Q m
at cryogenic temperatures, but it never completely disappears
because to lattice imperfections, so hence, there is always some
residual resistance.'*® In contrast, superconductors exhibit a DC
resistivity of zero below their critical temperature (which has
been experimentally shown to be less than 107>° Q m),"

- Critical temperature (7.) | below this level, superconductors
are only effective. Type I conventional superconductors, such as
aluminium (1.2 K), lead (7.2 K), and niobium (9.3 K), have
extremely low T, values. Type II superconductors, such as NbTi
(with a T, of around 9.8 K) and NbsSn (with a T, of about 18 K),
are the mechanically strong ones.'® Bi-2223 at around 110 K,
YBCO at around 92 K, and Bi-2212 at around 85 K are all
examples of high-temperature superconductors that signifi-
cantly raised this."*** The resistivity of ordinary conductors just
drops steadily as they cool; there is no such transition.

- Magnetic field response | is a phenomenon known as the
Meissner effect, in which superconductors show the internal
magnetic flux completely expelled. This results in perfect
diamagnetism with a magnetic susceptibility of x = —1.° A
diamagnetic response (x = —10° for copper) is the weakest
observed in normal conductors. At low temperatures, YBCO
films may exceed 100 T, whereas Nb;Sn has an upper critical
field of roughly 24-28 T and Type II superconductors can
function under even higher fields (e.g:, lead at around 0.08 T).
Superconductivity is lost above a critical magnetic field.

- Critical current density (J.) | the highest current that can be
carried by a superconductor without any resistance. What
a major achievement for technological superconductors. At 77 K
with no applied field, YBCO thin films may achieve 20 000 A
mm 2" whereas NbTi wires can transport around 3000 A
mm > at 4.2 K and 5 T. Typical copper wire, on the other hand,
has a heating limit of 5-10 A mm ™ rather than a basic limit that
is around 1000 times lower.

- Energy gap | the binding energy of Cooper pairs is denoted by
the BCS energy gap, which exists in superconductors."* The gap
measures around 20-40 meV for YBCO and 3 meV for niobium.
In typical conductors, conduction electrons do not encounter
a gap due to a constant density of states at the Fermi level.

6.2. Superconductivity measurements

The way materials respond to magnetic fields and their ability to
conduct electric current determines whether they are conduc-
tive or superconductive. Superconducting materials exhibit zero
electrical resistance below a specific temperature, while mate-
rials with low electrical resistance need to be cooled below this
critical temperature to achieve superconductivity. Key charac-
teristics of superconductivity include the Meissner effect, which
expels magnetic fields, and the complete absence of electrical

resistance. Researchers use both theoretical models and
experimental ~ methods to  measure and  predict
superconductivity.

Six essential parameters are crucial for measuring super-
conductivity: electrical resistivity (p), magnetic susceptibility
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(x), critical temperature (T,), critical magnetic field (H.), critical
current density (J.), and heat capacity. Electrical resistivity (p)
measures a material's electrical resistance per unit length and
cross-sectional area, while magnetic susceptibility (x) evaluates
how much a material becomes magnetized in an external
magnetic field. The critical temperature (7.) indicates the
temperature below which a material exhibits superconductivity,
with higher 7. values being more desirable for practical
applications.

The critical magnetic field (H. denotes the maximum
magnetic field strength a superconductor can tolerate before
reverting to a normal state, which influences its applications in
magnets and electronic devices. Critical current density (J.)
represents the maximum current per unit cross-sectional area
that a superconductor can carry without losing its super-
conducting properties, impacting its use in power trans-
mission, magnetic systems, and various devices. Heat capacity
measures the amount of heat needed to change the temperature
of a given amount of material by 1 K, and it significantly
increases at 7. due to the formation of the superconducting
energy g.al).170,171

6.3. Predicting superconductivity

Predicting superconductivity is a complex task because of the
intricate quantum interactions involved. Current methods
include empirical and phenomenological models, Bardeen-
Cooper-Schrieffer (BCS) theory, density functional theory (DFT)
combined with Eliashberg theory, machine learning (ML)
approaches, and high-throughput screening. Several factors
influence superconductivity, such as crystal structure, electron
density, lattice vibrations, doping concentration, and
pressure.'7>7

Accurate predictions of superconducting transition temper-
atures (7.) for new materials can be achieved using various
theoretical and machine learning approaches. However, there is
no single method that stands out as the best. The evidence
presented evaluates several methodologies along with their
respective performance metrics. Machine learning models give
the most accurate quantitative results. For example, in 2023,
Jingzi Zhang et al. developed an integrated algorithm to achieve
R®> = 95.9%; in 2026, P. A. H. Nawoda reported R*> = 93% using
light gradient boosting; and in 2025, Siwoo Lee applied ridge
regression to achieve +5 K prediction errors.'”>*7”

Examination of the critical temperature of superconductors
by means of numerical methods predicated on electron-
phonon interactions makes use of a particular equation
designed to estimate T..'”® Using the Eliashberg spectral func-
tion, there has been some theoretical work to determine the
critical temperature in relation to pressure. Take the hypo-
thetical discovery of a new material as an example of how to
measure and predict T.. The following steps are involved in
determining T.: measuring it with resistivity and magnetic
susceptibility; computing its structure using X-ray diffraction
(XRD) and DFT; and lastly, predicting its value using phonon
calculations based on Eliashberg theory and ML models devel-
oped on known superconductor data. The BCS hypothesis is the
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one that has been found to accurately explain super-
conductivity's characteristics. Cooper pairs, which are essen-
tially electron pairings, are the primary process that transforms
a regular conductor into a superconductor. Another common
approach is to combine lattice structure search with DFT. To
find the solution to the Eliashberg gap equation. Considering
the Allen-Dynes formula, through providing a clear description
of the spectral function's significance in estimating super-
conducting features.

6.4. Superconductive polymeric nanocomposites

Superconductive polymeric nanocomposites are hybrid mate-
rials that blend organic polymer matrices with superconducting
nanoparticles or fillers.**** A method for creating processable,
flexible superconducting composites by inserting high-
temperature superconducting ceramic particles (YBCO,
BSCCO) into polymer matrices, including polyethylene, poly(-
methyl methacrylate) (PMMA), and polystyrene. To address the
challenges of processing bulk superconductors into fibers,
coatings, or flexible films, areas where they are either too heavy
or too brittle to create processable materials that are both
lightweight and flexible, while acquiring superconductive
properties from nanoparticles. This will improve their
mechanical strength, film-forming capability, and chemical
stability. The composition, dispersion, and connectedness of
the fillers are crucial to the superconductivity. For fabrication,
processes like in situ polymerization or solution casting, nano-
particles are mixed with a PS solution and then cast into films.
Mixed solid PS and filler at high temperatures is called melt
blending; this method is less often used because of thermal
limitations. Nanofiber mats having superconducting properties
were created via electrospinning. Flexible superconducting
wires, low-temperature sensors, quantum electronic circuits,
cryogenic electromagnetic interference shielding, magnetic
shielding films, and experimental/conceptual applications.

6.5. Examples in the superconducting PS nanocomposites

The electrical impedance and diamagnetic response methods
are the most common ways to evaluate the superconductivity in
polystyrene nanocomposites. The ability to conduct electricity is
a result of the polymer chains being intercalated into the grain
structures of ceramics. Several important studies use different
measuring techniques, according to the available evidence. R.
Abraham et al. (2010) investigated the dielectric mixing rules for
composites containing superconductor ceramic particles
(YBCO) distributed in a (PS) matrix with (0-3) connectivity in
this study. The composites were prepared using the melt mixing
approach, which eliminated the need for solvents during the
ceramic filler's mixing process. Here we show the findings of
phase angle vs. temperature and impedance versus frequency
(100 Hz-13 MHz) for volume percentages of superconductor
(0-40%). One of the most popular methods for estimating the
bulk dielectric characteristics of non-uniform materials is the
Clausius-Mossotti equation, which the system follows. After
passing over YBCO's superconducting transition temperature,
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the composites’' impedance and phase angle did not undergo
any noticeable abrupt changes.*®

Y. Vidadi et al. (1994) assessed diamagnetic responses at 50
kHz relative to the high-T, superconductor (HTSC) concentra-
tion in PS-YBa,Cu;0;_; composites (ranging from 0 to 100 vol%
in 5% increments) and temperature (T = 77-300 K), finding
a critical percolation (C) threshold between 0.20 and 0.30, where
electrical resistance decreased from 10" to 10* Q cm. The
enhancement of the diamagnetic response in composites with
elevated C is attributable to the creation and mixing of
a complex, superconductive labyrinth composed of YBa,Cu;s-
0O,_; grains.*

Tonoyan studies (2009, and 2013) provided the foundation
for a mechanism for superconducting characteristics by
explaining how ceramic interstitial layers may be used to
intercalate macromolecule fragments. The SC properties of the
nanocomposites made of Y;Ba,Cuz0,_, ceramic (¢ press. =
130 °C, t press. = 4 min) using PS as an illustrative binder, the
compositional content in the binder (10, 15, 20%), and T, values
ranging from 92 to 93 K. This process alters the morphological
structure of SC nanocomposites. On the other hand, these
sources omit information on quantitative predictive models.****

Through improved field effect and charge transport, liquid
crystals (LCs) with graphene oxide (GO)-doped dimethyl
sulphate (DMS)/poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS) superconductive alignment layers ach-
ieve competitive optoelectrical switching properties and non-
residual direct current performance. The DMS/PEDOT:PSS
solution with a weight ratio of 1:25 was doped with GO at
0.2, 0.5, or 1.0 mg g~ '; the composite solution was agitated
continuously for 6 hours at 16-18 °C. After spin-coating
substrates with GO/DMS/PEDOT:PSS composite solution,
a nylon roller rubs them. Conductivity increased significantly
with GO weight concentration, rising from 132 S cm™" in the
pristine thin layer to 210.29 S cm™" at 1.0 mg per g GO.*

The critical temperature (T.) of a variety of sintered and non-
sintered polymeric superconducting systems has been found by
combining two extrinsic conducting polymer systems, PVDF/PS/
carbon black and PVDF/PS/copper, with the superconducting
ceramic YBaCuO. Susceptibility measurements as a function of
temperature have also been used to study the diamagnetic
properties of these systems. Experiments show that unsintered
systems exhibit metallic-like conductivities in samples with the
highest carbon black content and that copper-based composites
are insulating. Electrical superconductivity is indicated by the
absence of a sharp rise in conductivity with increasing
temperature in these systems. Whenever the critical tempera-
ture range is brought closer to 100 K, the presence of a super-
conducting transition is shown by magnetic susceptibility
measurements. The mechanical characteristics and shape of
the samples were maintained during sintering. The electrical
conductivity study verified that the superconductivity in YBa-
CuO, which had been shown by X-ray evidence, was eliminated
during sintering due to polymer combustion.*

Superconductivity in graphite-sulphur composites is signif-
icantly influenced by electron-electron correlation, displaying
distinct characteristics within certain domains. According to
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Ionov (2021), r-GO is a promising material for developing
organic-inorganic composites with notable electrical and
magnetic properties. The composite magnetization loops
exhibit type-II superconductivity at room temperature, attrib-
uted to the adhesion of r-GO flakes to a polymeric matrix.
Additionally, another enhanced article by the same authors
provides alternative interpretations of the ferromagnetic
hysteresis loop observed in UV-rGO. UV-reduction techniques
create submicron voids within r-GO flakes, leading to edge
defects that may induce magnetic order in graphite samples.***

In the polymer/carbon nanotube composite, carbon nano-
tubes act as exceptional fillers for the polymers. The phenom-
enon of electromagnetic interference shielding in polystyrene/
carbon nanotube composites results from properties that can
rival those of traditional shielding materials.** Recent research
has demonstrated that superconducting single-walled carbon
nanotubes (SWCNTs) can reduce the electrical resistance of
composite materials. Studies have investigated how various
factors, such as surface functionalization of SWCNTs with
methacrylate groups, copolymerization with styrene, precipita-
tion conditions, disintegration, and polymer composite coat-
ings, influence the electrical conductivity of one-dimensional
carbon fillers. Additionally, covalent bonding with the polymer
matrix can induce mechanical stress, which may affect the
electronic structure of the carbon inclusions.

6.6. Superconductive fundamental mechanisms

The development of superconductivity in PS composites is
a different phenomenon, as it does not originate from the
polymer but rather from the incorporation of ceramic super-
conductor particles (YBCO) into the PS matrix. While the poly-
mer acts as a deformable and processable host, the ceramic
filler is completely accountable for the superconducting prop-
erties. The diamagnetic response, a characteristic of supercon-
ductivity, follows percolation behaviour with a critical YBCO
volume fraction between 20-30%, according to research by
Vidadi et al. (1994) on PS/YBCO composites.” Critically, the
polymer matrix does not contribute in the superconducting
transition. Based on their measurements of YBCO/PS composite
impedance, Abraham et al. (2010) concluded that the composite
acts as a dielectric, with the YBCO adding polarisability but no
macroscopic superconductivity in the bulk, and that there is no
noticeable change in phase angle at the filler's superconducting
transition temperature.’® According to Rio & Acosta (1996),
a study on PVDF/PS/carbon black systems that were loaded with
YBCO revealed that although there was a superconducting
transition near 100 K as measured by magnetic susceptibility,
there was no sudden increase in electrical conductivity. This
suggests that isolated superconducting grains can show
diamagnetism without creating a continuous superconducting
path. Very high ceramic loading (above percolation) or post-
processing, such as sintering, is required to achieve zero resis-
tivity in these composites; however, sintering can degrade the
superconducting orthorhombic phase through polymer
combustion, though.”
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Superconductive section concludes, with a three-part focus
on the review's core topic: polymeric nanocomposites, with
a particular emphasis on polystyrene, and superconducting
measurements and predictions. Superconductivity measure-
ments indicate that superconductors exhibit negligible resis-
tance below a certain temperature (7). Electrical resistivity,
magnetic susceptibility, critical current density, critical
magnetic field, and heat capacity are important criteria for
determining superconductivity. As a distinguishing feature, the
Meissner effect is emphasized. Researchers make predictions
about superconductivity using tools such as density functional
theory, BCS theory, machine learning, and empirical models.
Improvements in the accuracy of predictions, especially those
made using machine learning, are highlighted. Superconduc-
tive polymeric nanocomposites combine organic polymers and
superconducting nanoparticles, enhancing mechanical char-
acteristics while preserving superconductivity. Methods for
evaluating electrical impedance and diamagnetic responses in
superconducting polystyrene nanocomposites are illustrated.
Research shows that processing and material composition
affect superconductivity, and that the field has its own set of
difficulties, such as making accurate quantitative predictions of
superconductivity.

7. The correlation between water
treatment and conductive/
superconductive applications

The utilization of polystyrene (PS) nanocomposites in water
treatment and conductive/superconductive applications is in
harmony. Dispersion, interface engineering, and hierarchical
structuring are materials science strategies that align with the
opportunities for multifunctional devices, which include
electrically-assisted filtration, photocatalysis, and magnetically
recoverable adsorbents. Using layered/core-shell architectures,
hybrid fillers, and suspension techniques, we may overcome the
major tensions between hydrophilic, high-surface-area designs
for water treatment and dense, percolated filler networks
needed for high electrical conductivity. While some opportu-
nities for multifunctional devices do exist in the literature,
a broad range of research has concentrated on single functions
rather than integrated systems.

Electrically-assisted filtration/adsorption, numerous studies
on electrically-assisted filtration/adsorption, and the electrical
enrichment of adsorption processes. Mahdi et al (2020)
demonstrated that electro-assisted adsorption enhanced heavy
metal removal by 21-94% relative to unmodified adsorbents.'”
Xiong et al. (2020) demonstrated the efficacy of electrosorption
technology for the removal of nanoplastics, indicating its
potential as a tertiary treatment method in wastewater treat-
ment facilities.” Ding et al. (2024) developed conductive
adsorbents that facilitate electrically controlled desorption with
an efficiency of 94.1% and bias-dependent sequential release
capabilities for mixture separation.’®® Photocatalytic Integra-
tion, S. Wanjale et al., 2016, developed PS/TiO, composite
nanofiber membranes, wherein TiO, nanoparticles provide
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associated photocatalytic properties, increase hydrophilicity,
and accomplish a considerable Cu®" adsorption capacity of
522 mg g~ '.'* Xiong et al. (2020) utilised UV radiation to model
ageing processes, exhibiting light-responsive behaviour in
nanoplastic systems.' Electrochemically Reversible Systems,
Ren et al., 2018 developed electrochemically regenerable poly-
meric adsorbents utilising surfactant-doped conducting poly-
mers, attaining a pollutant capacity exceeding 570 mg g ' of
polymer through electrochemical control of hydrophobicity for
multiple adsorption/desorption cycles.'®

Limitations, the existing sources lack evidence for magneti-
cally recoverable adsorbents or fully integrated multifunctional
devices that include all three functionalities. Numerous studies
illustrate singular functionalities or dual-function systems,
highlighting prospects for the creation of more integrated
multifunctional platforms.

8. Concluding remarks

This review highlights the significant advancements in the
development of conductive and superconductive polystyrene-
based nanocomposites. By incorporating various fillers, such
as metal and metal-oxide nanoparticles, clays, silica, carbon
nanostructures, and polyaniline, these polystyrene-based
composites have showcased multifunctional capabilities in
several areas, including adsorption, catalysis, energy storage,
sensing, electronic devices, and environmental remediation.
Hybrid designs that merge the large surface area of nano-
particles with the chemical adaptability of polystyrene resins
present numerous opportunities for addressing environmental
and electronic challenges. Table 5 summarizes the information
and provides an analysis of the common findings discussed by
the authors.

To achieve characteristics like diamagnetism (the Meissner
effect) and zero resistance, superconductive PS composites mix
polymer matrices with superconducting nanoparticles (such as
YBCO). Measurements like energy gaps, critical current density,
and critical temperature are used to evaluate superconductivity,
with the help of prediction models. Achieving a high enough
volume fraction of HTSC (YBCO) (approximately 20-30%) and
good filler connectivity is crucial, as superconducting particles
may stay isolated below the percolation threshold. Interfacial
effects and percolation-related transport mechanisms govern
conduction in PS composites (e.g., tunnelling, VRH, and ohmic
for conductive systems), but the ceramic filler, rather than the
polymer itself, promotes superconductivity. There is insuffi-
cient of fully integrated systems that combine all functions, but
research does point to multifunctional water-treatment poten-
tial, such as electrically assisted filtration, adsorption, and
photocatalysis.

However, several significant challenges remain in this field.
Achieving uniform dispersion of nanofillers, ensuring long-
term mechanical and thermal stability, and effectively scaling
up synthesis methods are critical for translating laboratory
successes into practical applications. Furthermore, research on
superconductive polystyrene nanocomposites is still in its early
stages, necessitating more comprehensive theoretical modeling
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and experimental validation to unlock their potential in energy-
efficient electronics and quantum technologies.

The green synthesis of polystyrene nanocomposites employs
biological sources, such as plant extracts, microbial processes,
or natural waste, to produce nanoparticles for incorporation
into polystyrene matrices. This eco-friendly approach offers an
alternative to conventional methods, such as microwave-
assisted synthesis. Additionally, artificial intelligence (AI) is
used to enhance these processes by predicting nanoparticle
characteristics, analyzing complex data, and facilitating the
design and discovery of innovative polystyrene nanocomposite
formulations, thereby accelerating their development for
a variety of applications, including troubleshooting and control.

Interdisciplinary collaboration among polymer science,
nanotechnology, and condensed matter physics will be essen-
tial for creating high-performance, cost-effective, and sustain-
able conductive and superconductive polymer composites.
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List of abbreviations

4ANP 4-Nitrophenol

AA Acrylic acid

AN Acrylonitrile

AC Activated carbon

SERS Active surface-enhanced Raman scattering
AAP Aminophosphinic acid

APS Ammonium peroxy disulfate

Al Artificial intelligence

ATZ Atrazine

AIBN Azodiisobutyronitrile

BCS Bardeen-Cooper-Schrieffer

BCS Bardeen-Cooper-Schrieffer theory
BPO Benzoyl peroxide

BC Biochar

CB Carbon black

CNPs Carbon nanoparticles

CNTs Carbon nanotubes

CMC Carboxymethyl cellulose

CPC Cetylpyridinium chloride

CTAB Cetyltrimethylammonium bromide
CPNs Clay-polymer nanocomposites
CPs Conductive polymers

CR Congo Red dye

(6)% Crystal violet dye

DFT Density functional theory

DMS Dimethyl sulphate

DVB Divinylbenzene

EMI Electromagnetic interference
EPDM Ethylene propylene diene monomer rubber
EPS Expanded polystyrene

FIT Fluctuation-induced tunneling

FCPNC Fungal chitosan-polystyrene-Co nanocomposites
GPPS General-purpose polystyrene
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GNPs Graphene nanoplatelets

GO Graphene oxide

HTSC High-T, superconductor

HMM Hollow mesoporous magnetite

HMSMs Hollow mesoporous silica microspheres

HPC Hydroxyl propyl cellulose

HCP Hyper crosslinked polystyrene

IPNs Interpenetrating networks

IEX Ion exchange

LCs Liquid crystals

ML Machine learning

NS Macroporous polystyrene beads

MAC Magnetic activated carbon

MNPs Magnetite nanoparticles

MA Maleic anhydride

MOFs Metal-organic frameworks

MB Methylene blue dye

MMT Montmorillonite

MWCNT Multi-walled carbon nanotubes

THDAC] N,N,N-Trimethyl-1-hexadecyl ammonium chloride

DFDA N,N-Dimethylformamide dimethyl acetal

NZ Nano zeolites

NPs Nanoparticles

ODA Octadecylamine

ov Octavinyl

OA Oleic acid

oC Organoclay

PAH Poly aromatic hydrocarbon pollutant

PEDOT  Poly(3,4-ethylenedioxythiophene)

PMMA  Poly(methyl methacrylate)

PA Polyacetylene

PAN Polyacrylonitrile

PANI Polyaniline

PAni_ES Polyaniline emeraldine salt

PDMS Polydimethylsiloxane

PE Polyethylene

PFs Polyfluorenes

POSS Polyhedral oligomeric silsesquioxane

PP Polypropylene

PPy Polypyrrole

PS Polystyrene

PSIS Polystyrene derivative

PSFs Polystyrene fibres

PSW Polystyrene foam waste

PSMs Polystyrene microspheres

PSSA Polystyrene sulfonic acid

SEBS Polystyrene-b-poly(ethylene-ran-butylene)-b-
polystyrene

PSMM  Polystyrene-polymaleic anhydride

PTh Polythiophene

PU Polyurethane

PVA Polyvinyl alcohol

PVC Polyvinyl chloride

PVDF Polyvinylidene fluoride

PVP Polyvinylpyrrolidone

KPS Potassium persulfate

PW Produced water

Py Pyrrole
rGO Reduced graphene oxide
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RAFT Reversible addition-fragmentation chain transfer
polymerization

RhB Rhodamine B dye

ST Safranin T

SMP Shape memory polymer

SMPS Shape memory polystyrene

AgNP Silver nanoparticle

SWCNTs Single-walled carbon nanotubes

SA Sodium alginate

DBSNa  Sodium dodecyl benzene sulfonate

SDS Sodium dodecyl sulphate

PSS Sodium polystyrene sulfonate

ST Styrene

PSS Sulfonated polystyrene

SPS Sulfonated polystyrene

SS Sulfonated styrene

SWPS Sulfonated waste polystyrene

SPS Sulphonated cross-linked polystyrene

YBCO Superconductor ceramic particles

BSCCO  Superconductor ceramic particles

TEOS Tetraethyl orthosilicate

TIPS Thermal-induced phase separation

VRH Variable-range hopping

XRD X-ray diffraction

Nano- Zirconium phosphate nanoparticles

ZrpP

Data availability

This review compiles and analyzes data from previously pub-
lished studies on ion-exchange functionalized polystyrene-
based composites. No new experimental data were generated.
All data are available within the article and its cited references.
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