Pre prints.org

Review Not peer-reviewed version

Polystyrene-Carbon Nanotube
Composites: Interaction Mechanisms,
Preparation Methods, Structure, and
Rheological Properties - a Review

Saba Yaqoob, Zulfigar Ali i , Sajjad Ali , Alberto D'Amore

Posted Date: 12 February 2025
doi: 10.20944/preprints202502.0886.v1

Keywords: Carbon Nanotubes (CNT); Polystyrene (PS); Composite Materials; Rheological Properties

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3516074
https://sciprofiles.com/profile/3151796
https://sciprofiles.com/profile/3952904
https://sciprofiles.com/profile/357440

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 February 2025 d0i:10.20944/preprints202502.0886.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Polystyrene-Carbon Nanotube Composites:
Interaction Mechanisms, Preparation Methods,
Structure, and Rheological Properties — A Review

Saba Yaqoob 1?2, Zulfiqar Ali 1%, Sajjad Ali ? and Alberto D'Amore >*

I Dipartimento di Matematica e Fisica, Universit'a degli Studi della Campania “Luigi Vanvitelli”, 81100,
Caserta, Italy

2 Dipartimento di Ingegneria, Universit'a degli Studi della Campania “Luigi Vanvitelli”, Via Roma 29, 81031
Aversa, Italy

3 Department of Physics, Government College University Faisalabad, 38000, Pakistan

* Correspondence: zulfiqar.ali@unicampania.it; Tel.: +39-081-501-0291

Abstract: This review focuses on the rheological behaviour of polystyrene (PS) composites reinforced
with carbon nanotubes (CNTs), providing an in-depth analysis of how CNT incorporation affects the
viscosity, elasticity, and flow properties of these materials. The review covers fundamental aspects
of PS and CNT structures, emphasizing their influence on the composite’s rheological properties. Key
interaction mechanisms, including Van der Waals forces and covalent bonding, are discussed for
their role in determining material behaviour. Various preparation methods, such as melt mixing,
solution mixing, and in-situ polymerization, are evaluated based on their impact on CNT dispersion
and rheological performance. The study examines critical rheological parameters such as relative and
complex viscosity, shear thinning, and elasticity, supported by theoretical models and experimental
findings. The review also identifies major challenges, such as achieving uniform CNT dispersion and
addressing processing limitations, while offering insights into future research directions aimed at
improving the rheological performance and scalability of PS/CNT composites for advanced
applications.
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1. Introduction

Polymer composites have experienced significant development over the years, rising as versatile
materials with various applications in several industries e.g., construction, aerospace, automobiles,
electronics, and medical [1]. Polymer composites are multifunctional materials with two or more
different constituents such as polymer matrix and additives or reinforced fillers. These components
synergistically merge to give rise to a new composite material with advanced and enhanced
mechanical, electrical, and thermal properties compared to the original component [2].

The integration of carbon nanotubes (CNTs) into polymer matrices has revolutionized the field
of material science, leading to the development of advanced composites with exceptional properties
due to their unique cylindrical nanostructures composed of rolled-up graphene sheets, exhibiting
extraordinary mechanical, electrical, and thermal properties. Polystyrene (PS), an extensively used
thermoplastic polymer, is valued for its low cost, ease of processing, excellent electrical insulation
properties, and chemical resistance making it suitable for a wide range of applications from
packaging materials to electronics. However, despite these advantages, PS has significant limitations,
including relatively low mechanical strength, poor thermal stability, and limited electrical
conductivity, which restrict its use in more demanding applications. To overcome these limitations,
CNTs incorporation into PS matrices imparts remarkable mechanical reinforcement, improves
thermal conductivity, and electrical conductivity due to their high aspect ratio, strength, and
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conductive nature making them highly suitable for demanding applications in aerospace, electronics,
automotive, packaging, and other industrial sectors [3-5]. Rheology, broadly defined as the study of
the deformation and flow behavior of materials, encompasses both liquid-like (viscous) and solid-
like (elastic) responses, making it essential for understanding the behavior of polymer composites [5].
In the context of this review, the term "rheological properties” refers to key parameters such as
viscosity, elasticity, shear-thinning behavior, storage modulus, and loss modulus, which dictate the
processability and performance of CNT/PS composites. The addition of CNTs substantially alters the
rheological behavior of the composite, such as increased viscosity, modified elasticity, and altered
shear-thinning characteristics. These rheological changes have critical implications for the processing
and ultimate performance of the material. In aerospace and automotive applications, where material
strength and reliability are paramount, increased viscosity and elasticity can contribute to the
development of stronger and more resilient components [6]. However, these same properties may
complicate processing, requiring advanced techniques to achieve uniform CNT dispersion and
prevent defects that could undermine the material's integrity. In electronics and packaging, where
precision and consistency are crucial, understanding and controlling these rheological properties is
essential to ensure that the composites perform as intended. Therefore, a comprehensive
understanding of the rheological behavior of CNT/PS composites is indispensable in their design and
fabrication, as it directly influences processability, performance, and reliability across these diverse
and demanding applications [5-7].

Despite extensive research on PS/CNT composites, current reviews often lack a detailed analysis
of how different CNT dispersion methods (e.g., melt mixing, solution mixing, in-situ polymerization)
influence both rheological and processing performance. Additionally, many studies do not
thoroughly examine the interaction mechanisms, such as Van der Waals forces and covalent bonding,
which are crucial to understanding material behavior. While rheological parameters like complex
viscosity, shear thinning, and elasticity have been explored, their precise relationships with CNT
dispersion remain underexplored. Furthermore, challenges related to achieving uniform CNT
dispersion and scalability are inadequately addressed.

This review paper fills these gaps by providing a comprehensive and systematic analysis of the
rheological properties of PS/CNT composites, with a particular focus on the impact of CNT
dispersion methods. It also covers the fundamentals of PS/CNT composites, including the structure
and properties of PS, the characteristics of CNTs, and the interaction mechanisms between them, such
as dispersion and entanglement. The paper examines various preparation methods for PS/CNT
composites and provides a detailed discussion of critical rheological properties. By identifying
existing challenges and proposing future research directions, this review offers a novel contribution
to the field, enhancing the understanding of PS/CNT composites and paving the way for their
scalability and practical applications.

2. Fundamentals of PS/CNT Composites

2.1. Structure and Properties of Polystyrene (PS)

Polystyrene (PS) is a widely used thermoplastic polymer composed of styrene monomers. Its
amorphous structure makes it transparent, but the bulky phenyl groups along the polymer backbone
restrict chain mobility, leading to brittleness. Syndiotactic PS (sPS), with its more ordered molecular
arrangement, exhibits partial crystallinity, enhancing its mechanical strength and thermal stability.
Commercial forms of PS, such as General-Purpose PS (GPPS), are transparent but fragile, suitable for
optical components and packaging. High-Impact PS (HIPS) incorporates rubber additives for
increased toughness, making it ideal for automotive and consumer products. Foam-based Expanded
PS (EPS) and Extruded PS (XPS) provide excellent thermal insulation and lightweight structural
properties for applications in packaging and construction [8-12]. Despite these advantages, PS suffers
from low thermal stability, weak mechanical strength, and poor electrical conductivity, which has
driven the development of PS/CNT nanocomposites to improve these properties [3,5].
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2.2. Structure and Characteristics of Carbon Nanotubes (CNTs)

Carbon nanotubes (CNTs) are cylindrical nanostructures formed by rolling graphene sheets,
classified into single-walled (SWCNTs) and multi-walled (MWCNTSs). Their sp2-hybridized carbon
bonding results in exceptional mechanical strength, high electrical conductivity, and excellent
thermal stability. Depending on their chirality, CNTs can exhibit metallic or semiconducting
behaviour, influencing their applications in various fields. In polymer matrices like PS, CNTs can
significantly improve properties; however, their dispersion is a critical challenge. Due to strong van
der Waals forces, CNTs tend to agglomerate, reducing their reinforcing efficiency. To overcome this,
functionalization techniques are employed to improve CNT-polymer interactions and enhance their
dispersion. Covalent functionalization introduces chemical groups that improve compatibility but
may modify CNT conductivity. Non-covalent methods, such as polymer wrapping and surfactant-
assisted dispersion, help preserve the electrical properties of CNTs while improving their uniform
distribution in the matrix [13-15].

The addition of CNTs to PS significantly alters both the rheological properties and functional
performance of the composite. From a rheological standpoint, the presence of CNTs introduces a
network-like structure within the polymer matrix, which impacts the flow behaviour of the composite
during processing. At low CNT concentrations, the composite behaves like a typical polymer, with
Newtonian flow. As CNT content increases, shear thinning behaviour becomes more prominent due
to the formation of CNT networks that restrict polymer chain mobility. This results in a notable
increase in the viscosity and elasticity of the PS/CNT composite. The extent of these changes is highly
dependent on the CNT loading, aspect ratio, dispersion quality, and interactions with the polymer
matrix [16]. Dynamic rheological measurements show that the storage modulus (G’) and loss
modulus (G”) of PS/CNT composites increase with CNT incorporation, indicating a shift towards
more solid-like behaviour [17]. The onset of this change correlates with the formation of a CNT
network, which imparts structural integrity and reduces the ability of the polymer to flow under
stress. At high CNT concentrations, this network structure alters the viscoelastic properties,
increasing the composite's resistance to deformation and better processability during moulding and
extrusion. The synergistic effect between CNTs and PS creates multifunctional composites with
properties that extend well beyond those of the base polymer. The rheological changes induced by
CNTs during processing are closely linked to the enhancements in the mechanical, electrical, and
thermal performance of the material. As such, CNTs not only improve the composite’s strength and
conductivity but also optimize its processability, enabling the production of more complex and
durable components in a wide range of industries, including aerospace, automotive, electronics, and
packaging [18,19].

2.3. Interaction Mechanisms between Polystyrene (PS) and Carbon Nanotubes (CNT)

The interaction mechanisms between PS and CNT are integral to the performance of PS/CNT
composites and are dictated by the physicochemical properties of both the polymer and the
nanofiller. A comprehensive understanding of these interactions is essential for optimizing the
composite’s mechanical, thermal, and electrical properties.

2.3.1. Van der Waals Forces

Van der Waals forces are the most fundamental type of interaction between polystyrene (PS)
and carbon nanotubes (CNTs). These forces are weak electrostatic attractions that arise between
molecules due to temporary dipoles that form as electrons move around within their orbitals. In the
context of PS/CNT composites, these forces are primarily the result of interactions between the m-
electrons in the aromatic phenyl rings of PS and the delocalized m-electron clouds on the surface of
the CNTs. The CNTs' extensive surface area, due to their high aspect ratio, allows for a substantial
number of these interactions to occur simultaneously, which collectively contribute to a significant
adhesive force between the PS matrix and the CNTs [20].
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This interaction is crucial for the composite's mechanical properties because, despite their weak
individual strength, the cumulative effect of van der Waals forces can create a strong interfacial
adhesion between the polymer chains and the CNTs. This adhesion facilitates stress transfer from the
PS matrix to the CNTs, which is essential for improving the composite's tensile strength and modulus.
Additionally, these interactions help maintain the structural integrity of the composite by preventing
CNT aggregation, which can lead to weak points and reduce the material’s overall performance.
Therefore, van der Waals forces, although subtle, play a foundational role in enhancing the
composite's mechanical characteristics [5,21].

2.3.2. -1t Stacking Interactions

n-1t stacking interactions represent a crucial class of non-covalent interactions in PS/CNT
composites, stemming from the aromatic nature of both polystyrene (PS) and carbon nanotubes
(CNTs). These interactions occur when the aromatic rings of the PS polymer align parallel to the
graphene-like walls of the CNTs, facilitating overlap between the m-orbitals of the phenyl groups in
PS and the m-electrons of the CNTs. This alignment results in a stable, attractive force between the
polymer and the nanofiller, thereby enhancing interfacial adhesion beyond what is achievable
through van der Waals forces alone [5,22]. It is important to note that the strength and efficacy of m-
1t stacking interactions are influenced by both the tacticity of the PS polymer and the structural
characteristics of the CNTs. The tacticity of PS, which refers to the regularity of the spatial
arrangement of its phenyl groups along the polymer backbone (e.g., atactic, isotactic, or syndiotactic),
can significantly impact the extent to which the aromatic rings align with the CNT surface. In isotactic
PS, where the phenyl groups are regularly aligned, the -7 stacking interactions with CNTs are likely
to be more efficient compared to atactic PS, which exhibits a more random orientation of the phenyl
groups that may be less favorable for optimal overlap with the CNT m-electrons. Consequently, the
tacticity of PS plays a critical role in modulating the strength of these interactions, and by extension,
the mechanical properties of the composite [5,23].

Additionally, the structural features of the CNTs, such as their chirality, diameter, and surface
functionalization, also exert a significant influence on nature and strength of m-m stacking
interactions. The alignment and spacing of the aromatic rings in PS may vary in their interaction
efficiency depending on the curvature and other structural characteristics of the CNTs. For instance,
CNTs with specific diameters or chiralities may promote stronger -7t stacking interactions due to
more favorable spatial arrangements between the CNT surface and the phenyl groups of the polymer.
Furthermore, the surface functionalization of CNTs can alter their electronic properties and surface
chemistry, which may also impact the extent of m-m stacking interactions. When CNTs are well-
dispersed within the PS matrix, m-m stacking interactions ensure a strong association between the
polymer chains and the CNTs under mechanical stress. This enhanced interfacial interaction
facilitates more efficient stress transfer, thereby improving the composite’s tensile strength and
stiffness [24,25]. Moreover, the presence of strong m-m interactions reduces the mobility of the
polymer chains near the CNTs, contributing to an increase in the rigidity and resistance to
deformation of the composite material [26]. Thus, mt-7t stacking interactions are a key mechanism that
reinforces the composite, improving its mechanical properties and durability under load.

2.3.3. Covalent Bonding

Covalent bonding, although less prevalent in non-functionalized polystyrene/carbon nanotube
(PS/CNT) composites, represents a more robust and permanent form of interfacial interaction. This
bonding occurs when CNTs undergo chemical functionalization, introducing reactive groups capable
of forming covalent linkages with PS chains. Functionalization typically involves the attachment of
carboxyl (-COOH), hydroxyl (-OH), amine (-NH,), or silane groups to the CNT surface, which can
then participate in specific chemical reactions with the PS matrix during composite fabrication. For
instance, carboxyl (-COOH) and hydroxyl (-OH) groups on CNTs can react with functionalized PS
containing maleic anhydride (MA) or other reactive moieties through esterification or amidation
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reactions, forming strong covalent bonds. Likewise, amine (-NH,) functionalized CNTs can engage
in nucleophilic substitution or amidation reactions with suitably modified PS chains, enhancing
interfacial adhesion. Silane-modified CNTs undergo hydrolysis and condensation reactions to form
covalent Si-O-C bonds between the CNTs and the polymer matrix. The remaining functional groups
on the silane (such as amino silane or epoxy) can further covalently bond with reactive sites on the
PS matrix, strengthening the interfacial interaction. Additionally, radical grafting techniques, such as
peroxide-initiated reactions, enable direct covalent attachment between CNTs and PS via carbon-
carbon (C-C) bond formation through radical polymerization [5,20,27,28].

The formation of covalent bonds in PS/CNT composites significantly enhances their mechanical
strength and thermal stability. Unlike non-covalent interactions, covalent linkages prevent polymer
chain slippage relative to the CNTs under mechanical stress, thereby improving load transfer
efficiency and reducing the likelihood of structural failure under high loads. Furthermore, covalent
functionalization mitigates CNT aggregation, promoting a more uniform dispersion of nanofillers
within the PS matrix—a crucial factor in achieving consistent mechanical and electrical properties
across the composite. The strong chemical bonds also confer greater resistance to thermal
degradation, allowing the composite to withstand elevated temperatures, thereby increasing its
durability in demanding environments [29].

2.3.4. Interfacial Polarization

Interfacial polarization is a key factor influencing the electrical properties of PS/CNT composites,
particularly when these materials are subjected to an external electric field. This phenomenon occurs
at the interface between the insulating PS matrix and the conductive CNTs. When an electric field is
applied, the difference in electrical properties between the two materials can cause a redistribution
of charges, leading to the accumulation of charges at the interface. This charge accumulation, or
interfacial polarization, significantly impacts the composite’s dielectric properties [30]. The presence
of CNTs within the PS matrix creates regions where charge carriers can accumulate, forming localized
regions of high electrical potential [31]. This charge accumulation can enhance the composite’s
dielectric constant, making it suitable for applications requiring high dielectric materials, such as
capacitors or other electronic components. The effectiveness of interfacial polarization in enhancing
dielectric properties depends on the quality of the interface, which is influenced by how well the
CNTs are dispersed and integrated within the PS matrix [32].

Moreover, interfacial polarization can contribute to the formation of conductive pathways
within the composite, especially when the CNT content exceeds a critical percolation threshold.
Above this threshold, the composite transitions from an insulator to a conductor, as the CNTs form
a continuous network that allows for the free flow of electrons. The alignment and connectivity of
CNTs, aided by interfacial polarization, play a crucial role in determining the electrical conductivity
of the composite [32]. Therefore, controlling the interfacial interactions and dispersion of CNTs is
essential for tuning the electrical properties of PS/CNT composites to meet specific application
requirements.

2.4. Dispersion and Entanglement

The dispersion of CNTs within the PS matrix plays a pivotal role in determining the composite’s
overall performance. Due to strong van der Waals interactions, CNTs naturally tend to aggregate into
bundles, significantly reducing the effective surface area available for interaction with the polymer
matrix. This clustering weakens potential enhancements in mechanical, electrical, and rheological
properties [16,33]. Achieving uniform dispersion is essential but challenging, necessitating methods
such as sonication, mechanical mixing, and the use of surfactants. Sonication, by inducing high-
frequency ultrasonic cavitation, provides the necessary shear energy density to disrupt CNT
aggregates, promoting effective dispersion, particularly in low-viscosity solvents. However,
excessive sonication can damage nanotubes, shortening their effective length. In contrast, shear
mixing, which relies on viscous forces in polymer solutions or melts, is less aggressive but struggles
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to separate parallel CNT bundles [21,30]. Experimental evidence suggests that a critical mixing time
(') is required to achieve a stable and reproducible CNT dispersion. Below this threshold, the system
remains dominated by dense tube clusters, often undetectable under optical microscopy, leading to
erratic rheological responses due to accidental jamming in a colloidal glass-like state. At mixing times
exceeding t', the dispersion reaches a more homogeneous and stable state, displaying reproducible
rheological behaviour indicative of uniform distribution. While complete dispersion cannot be
unequivocally confirmed, supporting evidence from freeze-fractured surface imaging and
rheological measurements suggests a well-dispersed system when mixed beyond t* [34].

In addition to dispersion, polymer-CNT entanglement significantly influences the composite’s
mechanical and rheological properties [35]. The interaction between polymer chains and CNTs
creates a reinforcing effect, improving stress transfer, toughness, and impact resistance. Another
crucial factor is CNT concentration, as it dictates the rheological state of the composite. At low
concentrations, CNTs remain individually dispersed in the matrix, exhibiting viscosity scaling that
deviates from Einstein’s classical 2.5 factor due to their pronounced shape anisotropy. However,
above a critical threshold (~2-3 wt.%), CNTs form a percolated network where entanglement and
inter-tube interactions become dominant, leading to a transition from a viscous-liquid rheology to an
elastic gel-like state. The storage modulus (G') in such systems exhibits a plateau at low frequencies,
characteristic of weakly elastic networks. The transition between colloidal glass-like jamming at short
mixing times and the formation of a rheological stable entangled CNT network at longer times
suggests an interplay between nanotube interactions, dispersion kinetics, and polymer matrix
rheology [34,36].

These insights highlight the fundamental role of shear forces, mixing time, and nanotube
concentration in governing CNT dispersion, percolation, and rheological behaviour in polymer
matrices. By optimizing these parameters, researchers can better control CNT dispersion quality,
ensuring enhanced mechanical reinforcement and predictable rheological properties in PS-CNT
composites.

3. PS/CNT Composite Preparation Methods

The formation of polystyrene (PS) and carbon nanotube (CNT) composites involves integrating
CNTs into the PS matrix to enhance its mechanical, thermal, and electrical properties. This process
requires careful control over various factors, including the dispersion of CNTs, the interaction
between CNTs and the PS matrix, and the overall composite fabrication method. Each step in the
formation of PS/CNT composites plays a critical role in determining the final properties of the
material [20].

The development of polystyrene (PS) and carbon nanotube (CNT) composites has progressed
significantly, evolving from traditional, straightforward methods to more sophisticated modern
techniques. Each method offers unique advantages and challenges, with modern methods providing
more control over composite properties and better integration of CNTs into the PS matrix. Below is
an exploration of both traditional and modern methods, providing detailed insights into each
approach.

3.1. Melt Mixing

Melt mixing, also known as melt compounding, is a widely adopted technique in the polymer
industry for producing PS/CNT composites. In this method, PS pellets are melted at elevated
temperatures, typically between 180°C and 220°C, within an extruder. CNTs are then introduced into
the molten polymer, and the mixture is subjected to high shear forces, promoting the dispersion of
CNTs within the polymer matrix. The molten composite is then extruded into a desired shape, which
can further be processed using techniques like injection moulding or compression moulding (Figure
1) [18,37].
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Figure 1. (a) Overview of the micro-compounder, highlighting various valves and channels; (b) schematic

diagram of the twin-screw extruder used for melt mixing CNT-reinforced nanocomposites [18].

Zhang et al. [38] prepared conductive polymer composites (CPCs) by melt mixing using
poly(phenylene oxide)/polystyrene (PPO/PS) blends as matrices with varying compositions. They
focused on improving the dispersion of carbon nanotubes (CNTs) by adjusting the matrix viscosity
through different blend ratios. The study found that the best dispersion and electrical conductivity
occurred at an intermediate matrix viscosity, which balanced polymer infiltration and CNT
agglomerate breakage. Notably, the percolation threshold of the PPO/PS(35/65)/CNTs
nanocomposites was 63% lower than that of PS/CNTs nanocomposites.

Additionally, the electrical resistivity of PPO/PS(35/65)/2%CNTs was approximately 103 Q cm,
which is nine orders of magnitude lower than that of PS/2%CNTs. Melt mixing is advantageous
because it eliminates the need for solvents, making the process more environmentally friendly. It is
also well-suited for large-scale production and is compatible with conventional polymer processing
equipment. However, dispersing CNTs uniformly in the viscous polymer melt is challenging, and
the high processing temperatures can degrade both the CNTs and the polymer matrix [39].

3.2. Solution Mixing

Solution mixing method is highly effective for preparing PS/CNT composites, not only in thin
films but also in bulk materials, fibers, and coatings. This approach ensures uniform dispersion of
CNTs within the PS matrix, which is crucial for improving mechanical strength, electrical
conductivity, and thermal stability. While commonly used for thin films to control CNT distribution,
it is equally beneficial for bulk PS/CNT composites, enhancing overall performance. The method’s
versatility extends to fibers and coatings, where well-dispersed CNTs improve flexibility and
conductivity, making it a valuable technique for various forms of PS/CNT composites.

In this method, polystyrene (PS) is dissolved in an organic solvent, such as toluene, chloroform,
or tetrahydrofuran (THF), to form a homogeneous solution. Separately, CNTs are dispersed in the
same solvent using ultrasonication, which helps to break down any agglomerates and achieve a more
uniform distribution. The PS solution and the CNT dispersion are then mixed thoroughly to ensure
that the CNTs are evenly distributed throughout the PS matrix. Following mixing, the solvent is
evaporated under controlled conditions to produce a composite film or coating. However, at
sufficiently high energy inputs, sonication can induce polymer chain scission, primarily due to
cavitation effects. This process involves the formation and rapid collapse of microscopic bubbles in
the liquid medium, generating intense localized shear forces, shock waves, and transient high
temperatures. When the energy imparted exceeds the bond dissociation energy of the polymer
backbone, chain cleavage may occur, leading to a reduction in molecular weight [40]. In the case of
PS, the carbon-carbon backbone is susceptible to homolytic or heterolytic bond cleavage under
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extreme sonication conditions. Prolonged or excessive exposure to high-energy sonication can result
in significant molecular degradation, which may alter the polymer’s mechanical, thermal, and
rheological properties. Therefore, careful optimization of sonication parameters, including power,
duration, and solvent environment, is essential to achieve effective dispersion while minimizing
polymer degradation [41].

Erkmen et al. [42] found that PS-based composites reinforced with silane-modified CNTs and
prepared via masterbatch dilution showed a 33% increase in tensile strength and 34% increase in
modulus compared to melt mixing. Masterbatch dilution also reduced electrical resistivity. Both
methods achieved 100% shape recovery in under 30 seconds during electrically actuated bending
tests, highlighting improved thermal and electrical conductivity. In another study, Parnian and
D’ Amore investigated PS/CNT nanocomposite films prepared using solution mixing and the doctor
blade technique [21]. They found that conductivity became unmeasurable with increasing CNT
content in dilute PS solutions, while higher PS concentrations led to increased conductivity up to a
threshold before decreasing, explained partly by PS-THF viscosity data. Sen et al. [43] demonstrated
that incorporating carboxylic acid functionalized multi-walled carbon nanotubes ((MWCNTs) into
polystyrene (PS) via solution blending significantly enhanced the nanocomposite (NC) films' thermal
stability, rheological properties, and hardness. Figure 2 (a) shows the preparation process for
PS/cMWCNTs composite film. Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy,
and X-ray diffraction (XRD) confirmed the strong interaction between the PS matrix and the
cMWCNTs, which contributed to these improvements. Thermogravimetric analysis (TGA) showed
that the well-dispersed cMWCNTs increased the thermal degradation resistance of the NC films, with
higher activation energy and procedural decomposition temperature. Figure 2 (b) and (c) show the
TEM analysis of PS nanocomposite surfaces, specifically for samples with PS concentrations of 0.3%
and 0.5%, revealed a strong interfacial interaction between the PS matrix and the carbon nanotubes
(CNTs), which appeared embedded and coiled within the matrix. The micrographs showed that the
nanotubes, with diameters ranging from 12-20 nm, were uniformly dispersed in the matrix at the
lower PS concentration (0.3%) Figure 2 (b). However, at the higher PS concentration (0.5%) in Figure
2 (c), some regions displayed aggregated CNT masses, indicating less uniform distribution. Despite
these aggregates, the overall nanotube dispersion was still good, aligning with previous findings in
similar composites.
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Figure 2. (a) Schematic process for preparation of PS/c(MWCNT composite film. TEM micrographs of PS
nanocomposite surfaces showing (b) sample with 0.3% PS concentration, where the cMWCNTs are uniformly
dispersed within the matrix, and (c) sample with 0.5% PS concentration, where some aggregation of cMWCNTs
is observed, though overall dispersion remains effective [43].

The primary advantage of solution mixing lies in its straightforwardness and effectiveness in
creating thin films with dispersed CNTs. However, achieving uniform dispersion of CNTs remains a
significant challenge due to their tendency to agglomerate. The process of solvent removal can also
lead to defects, impacting the composite’s final properties. Despite these challenges, solution mixing
has been widely used in research and small-scale production [44].

3.3. In-Situ Polymerization

In-situ polymerization involves the polymerization of styrene monomers in the presence of
dispersed CNTs, allowing the CNTs to be embedded within the growing PS matrix. This method can
be conducted in bulk, solution, or emulsion phases, depending on the desired properties of the final
composite. A polymerization initiator, such as benzoyl peroxide, is typically used to start the
polymerization process. Azubuike and Sundararaj [45] explored in-situ compatibilization of polymer
blend nanocomposites (PBNs) by reacting polystyrene maleic anhydride (PSMA) with nylon during
melt processing. They created PS/Polyamide blends with varying PSMA (1-10 vol%) and a constant
1.5 vol% CNT loading. The addition of PSMA improved CNT distribution, resulting in a conductivity
of 7.4 x 102 S/m at 3 vol% PSMA, three and a half orders of magnitude higher than the non-reactive
blend. The study details the mechanisms behind enhanced conductivity and improved rheological
properties due to interfacial reactions. Patole et al. [46] achieved the attachment of polystyrene (PS)
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nanoparticles to multiwall carbon nanotubes (MWCNTs) via in situ microemulsion polymerization,
utilizing the high surface area of selectively grown MWCNTs. SEM and high-resolution (HR) TEM
confirmed the distribution and anchoring of PS nanoparticles on the MWCNT surface. This
attachment enhanced the MWCNTs' Raman G/D ratio and increased the thermal degradation
temperature of PS. The modified MWCNTs exhibited improved durability and dispersibility in
various organic solvents. Figure 3 (a) illustrates the proposed mechanism where MWCNTs are first
functionalized by anionic SDS surfactant, isolating them in water. During polymerization, Brownian
motion causes SDS etching, creating anchoring sites on the MWCNTs for PS nanoparticles.
Unanchored PS and excess SDS were removed through methanol washing, yielding the PS
nanoparticle-covered MWCNT composite. Figure 3 (b) presents an SEM image of the dried
composite, revealing a uniform distribution of MWCNTSs and PS nanoparticles. The HRTEM image
in Figure 3 (c) shows spherical PS nanoparticles uniformly deposited along the length of the CNTs.
A closer view in Figure 3 (d) highlights the attachment of PS nanoparticles to the CNT surface. The
HRTEM image in Figure 3 (e) serves as a confirmation of the proposed hypothesis.
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Figure 3. (a) Schematic of the multistep process for functionalizing MWCNTSs with PS nanoparticles via in situ
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microemulsion polymerization. (b) SEM and (c-e) HRTEM images of MWCNT/PS nanoparticle composites

synthesized through in situ microemulsion polymerization [46].

This method offers the advantage of potentially strong interfacial bonding between the CNTs
and the PS matrix, which can improve the mechanical and thermal properties of the composite.
Additionally, in-situ polymerization often leads to better CNT dispersion compared to physical
blending methods. However, the process is complex and requires precise control over the
polymerization conditions to prevent defects [47].

3.4. Wet Spinning

Wet spinning is a traditional technique primarily used to produce fibers or filaments from
PS/CNT composites. In this method, a solution of PS and dispersed CNTs is extruded through a
spinneret into a coagulation bath containing a non-solvent. The non-solvent causes the polymer to
precipitate, forming solid fibers that are collected and dried. These fibers can then be drawn to
improve their mechanical properties [48]. Farha et al. [49] developed a highly densified and
multifunctional carbon nanotube (CNT) yarn through wet compression using acetone, which serves
as a lubricant to reduce CNT interactions and increase packing density. The yarn’s density increased
by 120%, from 0.211 to 0.465 g/cm? while the diameter was controlled at 175 + 5 um. This process
significantly enhanced the yarn's tensile strength, modulus, electrical conductivity, and gauge factor
by 185%, 887.5%, 105%, and 305%, respectively. Additionally, the CNT yarn exhibited excellent
electrothermal stability, reaching 275°C in 15 seconds and maintaining performance under bending
and knotting, making it suitable for smart textiles, wearable electronics, and fabric heaters. Zhao et
al. [50] developed a rapid and continuous twisting wet spinning method for producing highly
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densified CNT yarns. This process involved dispersing CNTs in a surfactant solution, removing the
surfactant in a coagulation bath, and applying twisting to improve yarn density and CNT alignment.
The resulting CNT yarns exhibited a tensile strength of 600 MPa, a Young's modulus of =40 GPa, and
high conductivity of 8990 S cm™. Additionally, the CNT yarn demonstrated an ultra-fast
electrothermal response of over 1000 °C s* at a low voltage of 5 V, with stable mechanical properties
during heating. This scalable approach offers a pathway for producing high-performance CNT yarns
for various applications. Figure 4 (a) illustrates the rapid preparation of CNT yarns, completed within
minutes. SWCNTs were dispersed in water with sodium taurodeoxycholate (STDOC) and extruded
into an acetic acid (HOAc) coagulation bath at 2 mL h for effective coagulation and surfactant
removal. The gel-like CNT yarns were then twisted to enhance density Figure 4 (b, c), exhibiting
strong mechanical properties without fractures during manipulation Figure 4 (d). This efficient
process enabled continuous production, as demonstrated by a single CNT yarn exceeding 20 m in
length collected on a spool without breakage Figure 4 (e).

0,0 r
<.l = @
\ J
| Squeeze out
7 ] Drying

Figure 4. (a) The wet-spinning process for fabricating neat CNT yarns is depicted schematically. SWCNTs were
dispersed in water using STDOC as a surfactant, then extruded into acetic acid (coagulation bath) via syringe to
form continuous yarns. The yarn was stretched, twisted for rapid dehydration, and wound onto a spool. (b) SEM
images show the CNT yarn surface. (¢) A magnified SEM image highlights the neat arrangement of SWCNTs.
(d) SEM image illustrates tightly intertwined, flexible CNT yarns with uniform appearance. (e) A photograph
displays a 20 m long single CNT yarn wrapped on a spool without breaking [50].

Wet spinning is particularly effective for creating continuous fibers with well-aligned CNT,
which can enhance the strength and conductivity of the fibers. However, maintaining uniform CNT
dispersion throughout the spinning process is challenging, and the process itself is complex,
requiring precise control of the spinning conditions. Additionally, wet spinning is associated with
high equipment and operational costs.

3.5. Spray Drying

Spray drying is used to produce PS/CNT composite powders. The process involves atomizing a
solution of PS and dispersed CNTs into fine droplets, which are then dried rapidly in a heated
chamber. As the solvent evaporates, composite particles are formed and collected as a fine powder,
which can be further processed into films, coatings, or moulded parts. Prasad et al. [51] introduced a
straightforward spray coating method for fabricating ultraviolet (UV) and thermally stable PS-
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MWCNT superhydrophobic coatings. The incorporation of MWCNTs enhanced the micro/nano
roughness, leading to the formation of protrusion-like surface structures. These coatings exhibited
superhydrophobic stability up to 250 °C but underwent a transition to superhydrophilic behaviour
at 300 °C. This transition is primarily attributed to the thermal degradation or chemical modification
of the PS matrix at elevated temperatures, which diminishes the hydrophobic characteristics of the
polymer and enhances surface polarity, thereby promoting increased water affinity.
Thermogravimetric analysis indicated a 10 °C shift to higher temperatures with MWCNT
incorporation, suggesting weak interactions between PS and MWCNTs, as further supported by
Fourier transform infrared, Raman, and X-ray photoelectron spectroscopy. The transition from
superhydrophobicity to superhydrophilicity can be explained by alterations in the surface chemistry
and the breakdown of the nanostructured surface, which originally facilitated water repellence. These
coatings demonstrate significant potential for applications requiring both thermal stability and UV
resistance. Zhou et al. [52] developed a novel technology for preparing styrene-butadiene rubber
(SBR)/carbon nanotube (CNT) composites by combining a spray drying method with subsequent
mechanical mixing. The cross-linking degree of the vulcanized composites increased with the CNT
content, leading to significant enhancements in mechanical properties: tensile strength improved by
nearly 600%, tear strength by 250%, and hardness by 70% compared to pure SBR composites. This
approach effectively reinforced the composites, demonstrating its potential to enhance the
modification and reinforcement of nanocomposites with high CNT content. Figure 5 shows the
schematic steps involved in the spray drying method.
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Figure. 5 Schematic illustration of the spray drying process [53].

The spray drying process is advantageous for its rapidity and scalability, making it suitable for
large-scale production. It also allows for control over the size and morphology of the composite
particles. However, achieving uniform CNT dispersion within each particle is challenging, and the
high temperatures used during drying can cause CNT agglomeration or degradation [54].

3.6. Electrospinning

Electrospinning is a modern technique for producing PS/CNT composites in the form of
nanofibers. In this method, a solution of PS and CNTs is pumped through a fine needle under the
influence of a high-voltage electric field. The electric field stretches the polymer solution into fine jets,
which solidify into nanofibers as the solvent evaporates. These nanofibers are collected on a
grounded collector, forming either a nonwoven mat or aligned fibers. Byun et al. [55] reported a CNT-
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embedded PS/PAN (6:4) nanofibrous oil sorbent using electrospinning, aimed at improving
reusability and oil removal. The addition of 0.25 wt% CNT enhanced the sorbent’s hydrophobicity,
oleophilicity, and porosity. The sorbent demonstrated high oil absorption capacities 248 g/g for motor
oil and 80 g/g for diesel oil—and retained over 70% recovery efficiency after seven reuse cycles with
diesel oil. This durable, reusable sorbent shows significant promise for tackling marine oil spills.
Parangusan et al. [56] developed CNT-reinforced PS nanocomposite membranes via electrospinning
and enhanced polymer-filler interactions through gamma irradiation. At 0.5 wt.% CNT concentration
and a 15 kGy irradiation dose, the membranes showed optimal hydrophobicity, oil absorption,
mechanical strength, and antibacterial activity. These findings demonstrate the membrane's potential
for treating oil-contaminated water. Figure 6 provides a schematic representation of the entire
procedure.

PS/CNT nanofib

Polymer solution

Figure 6. Schematic representation of the electrospinning process used for fabricating CNT-reinforced PS
nanocomposite membranes [56].

The key advantage of electrospinning is its ability to produce nanofibers with a high surface
area, which can significantly enhance the mechanical and electrical properties of the composite.
Additionally, electrospinning allows for precise control over the fiber diameter and alignment,
making it suitable for producing highly conductive and strong composite materials. However, the
scalability of electrospinning is limited, and maintaining uniform CNT dispersion in the spinning
solution is challenging. Furthermore, the process requires high-voltage equipment and efficient
solvent management, adding complexity and cost.

3.7. Self-Assembly Techniques

Self-assembly techniques are modern methods that utilize the spontaneous organization of
CNTs and PS into ordered structures through non-covalent interactions, such as van der Waals forces
or m-m stacking. In this method, functionalized CNTs are mixed with PS or its monomer in a solvent,
and the system is allowed to self-organize under controlled conditions. Factors such as solvent
evaporation, phase separation, or changes in environmental conditions (e.g., pH or temperature)
influence the self-assembly process, resulting in the formation of nanostructured composites. Oliveira
et al. [57] utilized a supramolecular self-assembly approach to incorporate multiwalled carbon
nanotubes (MWCNTs) into polystyrene (PS) nanocomposites via melt extrusion and injection
molding. They investigated the effects of grafted, pristine, and carboxylated MWCNTs on the
morphology and mechanical properties. The self-assembly of grafted MWCNTs enhanced dispersion
and interfacial interactions, significantly improving mechanical performance. Electron microscopy
and impact tests showed that these interfacial interactions govern crack propagation. The PS-grafted
MWCNT composites exhibited an increased elastic modulus, demonstrating the effectiveness of self-
assembly in creating enhanced materials for industrial applications. Liu and Wang [58] used a self-
assembly method in THF to organize polystyrene (PS)-grafted MWCNTs into bundles. PS grafted via
atom transfer radical polymerization improved dispersibility, unlike unmodified MWCNTs. The self-
assembled structures were 15-25 um long and 1.5-4 pm wide, with aligned nanotubes. The process
was driven by solvent-philic/solvent-phobic interactions, and buoyancy and gravity influenced the
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final structure. A micro-phase separation model was proposed to explain this behavior. Zhang et al.
[59] developed a method for creating core-shell nanospheres with polystyrene (PS) as the core and
multi-walled carbon nanotubes (MWNTs) as the shell using hydrogen-bonding self-assembly. PS-
COOH nanospheres were synthesized via soap-free emulsion copolymerization, while MWNTs were
functionalized with poly(vinyl pyrrolidone) (PVP). The carbonyl groups in PVP formed hydrogen
bonds with the carboxyl groups on PS, enabling rapid and reversible self-assembly that can be
controlled by pH. These core-shell nanospheres are promising as conductive reinforcement fillers in
high-performance nanocomposites. Song et al. [60] developed carbon nanotube rings (CNTR) coated
with gold nanoparticles (CNTR@AuNPs) using a self-assembly method. These nanostructures, with
CNTR embedded in closely attached AuNPs, act as efficient Raman probes and photoacoustic (PA)
contrast agents for imaging-guided cancer therapy. CNTR@AuNPs exhibited a 120-fold increase in
extinction intensity at 808 nm and a 110-fold stronger SERS signal compared to CNTR, due to
enhanced coupling with the AuNPs. These properties were successfully applied in cancer imaging
and therapy, supported by numerical simulations and analysis. Detailed process is shown in Figure
7.

Self-assembly

N\

“Grafting-from” Redox-active
Polymer Brush

Metallization

A

Figure 7. Schematic illustration of the self-assembly of carbon nanotubes (CNT) into CNT rings (CNTR) and the
subsequent growth of redox-active poly(4-vinylphenol) (PvPH) brushes via surface-initiated atom-transfer
radical polymerization (SI-ATRP) to reduce Au® to Au® and coat gold nanoparticles onto the CNTR [60].

Self-assembly techniques allow for the creation of composites with precise nanostructures,
which can enhance their mechanical, electrical, and thermal properties. This method is particularly
advantageous for applications requiring highly specialized composite architectures. However, the
process is slow and requires meticulous control over the conditions, making it difficult to scale for
industrial production [20].

3.8. 3D Printing (Additive Manufacturing)

3D printing, or additive manufacturing, is an advanced technique for fabricating PS/CNT
composites with complex geometries and tailored properties. In this method, PS/CNT composites are
either prepared as a filament for Fused Deposition Modelling (FDM) or as a resin for
Stereolithography (SLA). In FDM, the composite filament is heated and extruded through a nozzle
to build the object layer by layer. In SLA, a photopolymer resin containing dispersed CNTs is
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selectively cured using a laser to form each layer of the composite. Lv et al. [61] developed high-
performance electromagnetic interference shielding (EMI SE) materials using 3D printing. They
created lightweight honeycomb structures with polylactic acid (PLA) as the matrix and graphene
nanosheets combined with carbon nanotubes (GNs/CNTs) as fillers. The optimal printed material
demonstrated an electrical conductivity of 110.8 S/m and an EMI SE property of 53.5 dB, well above
the commercial standard of 20 dB. The study revealed that when pore sizes are less than A/5 of the
incident wavelength, the materials achieve a favorable balance of lightweight (0.4-1.0 g/cm?®) and
effective EMI SE (35-45 dB). This research paves the way for diverse architectural designs in EMI SE
applications through 3D printing. Baskakova et al. [62] developed a process for producing
polystyrene filaments containing 0.0025-2 wt.% single-walled carbon nanotubes (SWCNTs) through
the extrusion of crushed polystyrene composites (Figure 8) . The resulting polymer composite (PC)
filaments exhibited high uniformity in filler distribution and no air pores. Microscopy and
electromagnetic property comparisons indicated that both extrusion and printing enhanced SWCNT
dispersion. This method enables the creation of filaments for 3D printing with various base polymers,
incorporating functional fillers up to and beyond the electrical percolation threshold.
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Figure 8. Schematic representation of the preparation process for base composite materials, filaments, and 3D-
printed samples derived from polystyrene (PS) and single-walled carbon nanotubes (SWCNTs) [62].

3D printing offers unparalleled control over the design and structure of PS/CNT composites,
allowing for the creation of components with intricate internal architectures and customized
properties. This method is particularly advantageous for producing functionally graded materials
with varying properties within the same object. However, 3D printing has limitations, including high
equipment and material costs and challenges in maintaining uniform CNT dispersion within the
printing material. The process is also slower compared to traditional manufacturing methods, which
limits its applicability for large-scale production [63].

3.9. Layer-by-layer (LbL) assembly

Layer-by-Layer (LbL) assembly is an effective technique for fabricating polystyrene (PS)/carbon
nanotube (CNT) composites, offering precise control over the material's microstructure and
properties. In this technique, alternating layers of PS and CNTs are sequentially deposited onto a
substrate, forming a multilayered structure. The process typically begins with the deposition of a
CNT layer, followed by the application of a PS layer, with the cycle repeated to achieve the desired
thickness and composite composition. The interactions between the CNTs and PS matrix whether
electrostatic, hydrogen bonding, or covalent play a pivotal role in ensuring uniform dispersion and
integration of the CNTs within the polymer matrix. This level of control results in composites with
significantly enhanced mechanical properties, including improved stiffness and tensile strength, as
well as augmented thermal and electrical conductivities. The LbL assembly technique further allows
for fine-tuning of the composite morphology, making it particularly suitable for applications where
precise property modulation is required, such as in sensor technologies, conductive films, and
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structural reinforcement. The PS matrix serves not only as a dispersing agent for CNTs but also as a
stabilizing medium that prevents CNT agglomeration, thereby maximizing their functional
contributions within the composite material [64-66]. Hong et al. [67] discussed LbL assembly as a
versatile method for fabricating multifunctional films with tailored properties. Carbon-based
nanomaterials, like carbon nanotubes and graphene sheets, are highlighted for their unique
characteristics and potential in various applications, including conducting electrodes, batteries, solar
cells, supercapacitors, fuel cells, and sensors. The article reviews the use of carbon materials in LbL-
assembled nanostructured films and capsules, aiming to reveal their unique features and
applications, and suggests future integration with 3D printing for enhanced functionality. Srivastava
et al. [68] highlighted the LbL assembly as a cost-effective and versatile technique for creating
advanced materials with structural flexibility. This method allows precise nanoscale thickness control
and integrates various nanocomponents, such as nanoparticles and nanowires with polymers,
enhancing their properties. The article focuses on applications of inorganic nanocrystals in polymer
thin films, including the development of optomechanical materials, optical coatings, and films with
strong mechanical properties. LbL assembly also shows promise in biological applications, such as
neurotransmitter detection and biocompatible film fabrication. Overall, LbL assembly offers
significant potential for advancing materials in both technology and biomedicine. Figure 9 explains
the schematic steps involved in LBL method.

1 2 3 4

B)

1) Nanoparticle

1) Polyanio
2)Rinse 2 \ 2)Rinse

¢ 1) Polycation ¢
2)Rinse

Substrate

Figure 9. (A) Schematic of the layer-by-layer (LBL) film deposition process: Steps 1 and 3 illustrate the adsorption
of the polyanion and polycation, while steps 2 and 4 represent the washing stages. (B) Two adsorption pathways
show LBL deposition for polymers alone and for polymers with nanoparticles (NPs) [53].

LbL assembly allows for precise control over the thickness and composition of each layer,
making it ideal for creating thin films or coatings with specific functional properties. This method
also enables the incorporation of different types of CNTs or other nanoparticles in various layers,
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allowing for the tailoring of the composite’s electrical, mechanical, and thermal characteristics.
However, the LbL process is slow and labor-intensive, making it less suitable for large-scale
production. Despite these challenges, LbL assembly is invaluable for applications requiring highly
specialized composite structures [69].

3.10. Co-Solvent Method

The co-solvent method is a contemporary variant of solution mixing that employs multiple
solvents to enhance CNT dispersion within the PS matrix. This technique involves selecting
compatible solvent pairs that can improve the solubility of PS and CNTs, leading to better interaction
between the two phases. The process begins by dissolving PS in a primary solvent and dispersing
CNTs in a secondary solvent. The two solutions are then mixed, and the solvents are gradually
removed, typically under reduced pressure, to form the composite. By using a combination of
solvents, the co-solvent method can achieve a more uniform CNT dispersion and prevent
agglomeration, leading to composites with better-controlled morphologies. Lubineau and Rahaman
[70] explored the effects of nanoscale reinforcements, particularly carbon nanotubes (CNTs), on the
mechanical properties of continuous-fiber/epoxy-matrix laminated composites used in aerospace
applications. It investigated common degradation mechanisms in laminated structures and evaluated
various nano-reinforcement strategies to mitigate these issues. The study highlighted the role of
CNTs in enhancing mechanical performance due to their exceptional strength and stiffness.
Additionally, it discussed the co-solvent method as an effective approach for improving the
dispersion of CNTs, leading to reduced degradation and enhanced performance across multiple
scales (Figure 10).
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Figure 10. Schematic of the solvent casting process using a co-solvent method for the preparation of carbon
nanotube (CNT)-polymer composites [70].

One of the significant advantages of the co-solvent method is its ability to produce composites
with enhanced properties due to improved CNT dispersion. However, the method requires careful
selection of solvents, as they must be compatible with both PS and CNT while ensuring effective
solvent removal without leaving residues. The process also adds complexity to the preparation, as
multiple solvents must be managed and removed efficiently.

3.11. Sol-Gel Method

The sol-gel method is an advanced technique used to incorporate CNTs into a PS matrix via a
precursor solution that undergoes gelation and polymerization. In this process, a sol, which is a
colloidal suspension of PS precursors and CNTs in a solvent, is prepared. The sol undergoes a series
of chemical reactions, leading to the formation of a gel a solid network that encapsulates the CNTs
within the PS matrix. The gel is then dried and cured to form the final composite [71]. Liao et al. [72]
presented a method for fabricating large-area ordered macroporous SiO2 inverse opals (2x2 cm?) on
ITO substrates using sequential electrophoretic deposition of polystyrene (PS) microspheres (500 nm
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and 1 pm) and SiO2 sols (~5 nm). The PS microspheres served as a template, forming a defect-free
colloidal crystal. Their negative surface charge, along with that of the SiO2 sols, enabled effective sol-
gel transformation. After infiltrating SiO2 into the voids and oxidizing to remove the PS template,
the resulting inverse opals displayed excellent surface uniformity and structural integrity. Fourier
transform infrared spectroscopy confirmed the removal of PS, leaving a complete SiO2 skeleton,
while X-ray diffraction showed its amorphous nature. Gao et al. [73] employed a conventional sol-
gel method to prepare CNTs/TiO:2 nanocomposites with carbon loadings up to 20% by weight.
Characterization of the bare multi-walled CNTs and the composites was conducted using techniques
such as TEM, XRD, BET, and TGA-DSC. The results indicated successful coating of the CNTs with
discrete clusters of TiO2, which, after annealing at 500 °C, formed mesoporous crystalline TiO:z
(anatase) clusters. Photocatalytic activity was assessed through the photodegradation of methylene
blue (MB), revealing that the optimal CNTs/TiO2 ratio was between 1.5% and 5% by weight, leading
to a maximum activity increase of 12.8% compared to pure TiOz. In the study by Toyama et al., [74]
the authors investigated the synthesis of polystyrene (PS)@TiO: core-shell particles using the sol-gel
method with an aqueous NHs promoter. They found that reaction temperature and promoter
concentration significantly influenced particle morphology, resulting in TiO: shell thickness of
approximately 5 nm, as confirmed by transmission electron microscopy. Energy-dispersive X-ray
spectroscopy detected titanium on the surfaces. The PS@TiO: particles exhibited superior
photocatalytic activity in methylene blue degradation compared to commercial P25 and sol-gel
synthesized TiO2. This research highlights the sol-gel method's effectiveness in enhancing the
photocatalytic properties of PS@TiO: core-shell structures. Lai et al. [75] investigated carbon-doped
TiOz due to its nontoxicity, stability, and abundance, which enhance light absorption efficiency. High-
efficiency photocatalysts were synthesized through a hydrothermal reaction in a high-pressure
reactor, followed by the preparation of TiO2/CNT mesoporous composites using the sol-gel method
in an ultrasonic environment (Figure 11). Characterization via SEM and TEM revealed the presence
of TiO2 nanoparticles alongside CNTs, with phase analysis confirming an anatase-doped structure.
Tests demonstrated that these composites exhibited superior infrared and visible light absorption
compared to pure TiO2. The TiOz/CNT mesoporous nanomaterials developed in this study show
promise for clean industrial applications.
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Figure 11. Schematic illustration of the formation of mesoporous TiO2/CNT nanomaterial membranes using the
sol-gel method with ultrasonic irradiation [75].

The sol-gel method allows for the creation of PS/CNT composites with high structural control
and enhanced thermal stability due to the strong interaction between the CNTs and the polymer
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matrix. This method also offers the possibility of tailoring the composite's properties by adjusting the
sol-gel process parameters. However, the sol-gel process is complex, requiring precise control over
the chemical reactions involved. The need for careful management of the gelation process makes it
more suitable for specialized applications rather than routine use [76].

3.12. Microwave-Assisted Processing

Microwave-assisted processing is a modern technique that utilizes microwave radiation to
enhance the preparation of PS/CNT composites. In this method, the composite mixture, typically
consisting of PS and CNTs, is exposed to microwave radiation, which selectively heats the CNTs due
to their high electrical conductivity. This selective heating improves the dispersion of CNTs within
the PS matrix and promotes better interfacial bonding between the CNTs and the polymer [30,77].
Xie et al. [78] developed lightweight, high-strength microcellular polystyrene/carbon nanotube
(PS/CNT) composite foams using a microwave-assisted foaming and welding method. The foams
exhibited a density of 0.095 g/cm?, an ultralow percolation threshold of 0.0014 vol%, and a high
electromagnetic interference shielding effectiveness of 211.5 dB c¢m?®/g at 12.4 GHz with just 0.046
vol% CNT. Microwave sintering enhanced the compression stress to 7.1 MPa and tensile strength to
2.2 MPa. This work demonstrates the efficacy of microwave-assisted processing in creating
multifunctional composite foams for wearable electronics. Microwave processing offers several
advantages, including energy efficiency and faster processing times compared to conventional
heating methods. The technique also enhances the properties of the composite by improving CNT
dispersion and reducing processing times. However, microwave-assisted processing requires careful
control to prevent the degradation of materials, as excessive heating can damage both the PS matrix
and the CNTs [79]. E. Rezvanpanah et al. [80] demonstrated the effectiveness of CNTs as
multifunctional agents in the selective microwave heating of PS for thermoplastic foaming. The study
showed that CNTs, incorporated into a transparent PS matrix, facilitated uniform temperature
distribution upon microwave irradiation, promoting localized polymer softening and enhanced
super-saturation of the blowing agent. This process led to improved bubble nucleation and growth,
resulting in foams with fine-celled, uniform structures and substantial thickness (1 c¢m) with
expansion ratios exceeding 22-fold. In comparison to conventional foaming techniques, such as water
bath and fast pressure drop, the CNT-assisted method produced foams with superior uniformity and
lower density. Furthermore, CNTs served not only as heating and nucleating agents but also as
collapse-preventing agents, offering enhanced control over foam morphology.

While the microwave-assisted foaming technique using CNTs offers significant advantages in
terms of uniformity and control over foam morphology, it is essential to consider potential limitations
such as the dispersion and compatibility of CNTs within the polymer matrix. Inconsistent CNT
distribution could affect heating efficiency and foam quality. Additionally, careful optimization of
microwave power and exposure time is required to avoid overheating or degradation of the polymer.
Further research is needed to fully understand the long-term stability and scalability of this method
for industrial applications [81].

3.13. Chemical Vapor Deposition (CVD) with PS Deposition

Chemical Vapor Deposition (CVD) and polystyrene (PS) deposition is an advanced method for
fabricating CNT/PS composites. CNTs are first grown on a substrate via CVD, where a hydrocarbon
gas decomposes at high temperatures, forming CNTs on metal nanoparticle catalysts like Fe, Co, Nj,
or Mo. These catalysts, supported by substrates such as Al203, MgO, or SiOs, facilitate CNT growth,
with hydrocarbons like CHs, C2Hz, or even liquid benzene and alcohol serving as carbon sources.
After CNT synthesis (at 600-1100 °C), PS is deposited onto the CNTs by in-situ polymerization, spin
coating, or dip coating. Flexible CNTs, critical for electronic applications, can be produced at lower
temperatures (25-500 °C) (Figure 12). Various CVD methods, such as thermal (TCVD) and plasma-
enhanced (PECVD), have been developed for large-scale CNT production [82]. Martinez et al. [83]
developed composites from polystyrene with hydroxyl end groups and multiwall carbon nanotubes
(CNTs) to evaluate their properties. CNTs were synthesized via chemical vapor deposition, and the
polystyrene was produced through solution polymerization. Thin films were created by pouring into
petri dishes or dip-coating. Characterization included SEM, FTIR, Raman, UV-vis, Vickers
microhardness, and electrical resistivity analysis. Raman spectroscopy revealed interactions between
CNTs and polystyrene. Results showed that resistivity and transparency decreased with increasing
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CNT concentrations, with transmittance at about 80% for 0.8 wt.% CNTs and maximum Vickers
hardness at 1.6 wt%. Guzenko et al. [84] developed conductive polymer composites (CPCs) for
flexible piezoresistive sensors using hollow three-dimensional graphitic shells (GS) as a filler in the
PS matrix. Synthesized via chemical vapor deposition (CVD), the GS enhanced the piezoresistive
response of the composites compared to commercial MWCNTs, despite lower mechanical and
thermal performance. The distribution of GS and CNTs was analyzed using X-ray diffraction and
scanning electron microscopy, alongside evaluations of electrical, thermal, and mechanical
properties.

(a). Schematic diagram of CVD method.
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Figure 12. (a) Schematic diagram of the CVD method. (b) Growth mechanism of carbon nanotubes through
bottom growth. (¢) Growth mechanism of carbon nanotubes through tip growth [82].

This method ensures that CNT are well-integrated into the PS matrix, offering the potential for
excellent alignment and distribution of CNT within the composite. The resulting PS/CNT composites
exhibit superior mechanical, electrical, and thermal properties due to the high-quality integration of
CNT. However, the CVD process is complex and expensive, typically requiring specialized
equipment and conditions. As a result, this method is often used for research and specialized
applications rather than large-scale manufacturing.

4. Rheological Properties of PS/CNT Composites

The rheological properties of polymer nanocomposites are highly influenced by the interplay
among three critical components: the polymer matrix, the characteristics of the filler (specifically
carbon nanotubes), and their structural arrangement within the composite. The polymer matrix acts
as the continuous phase in which nanoparticles are dispersed, and its viscoelastic behaviour
significantly impacts filler interactions. As noted by Bicerano et al. [85], the matrix's molecular
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weight, viscosity, and relaxation dynamics play crucial roles in determining its rheological response.
Higher molecular weight polymers exhibit pronounced entanglement effects, enhancing filler
dispersion while increasing viscosity. The rheological behaviour of the matrix under shear or
oscillatory conditions is essential for accommodating nanoparticle networks, ultimately affecting
processing and end-use properties. CNT characteristics are pivotal in defining their impact on the
rheological properties of the composite. Chatterjee and Krishnamoorti, [86] emphasize that high-
aspect-ratio CNTs can form interconnected networks at relatively low concentrations due to their
anisotropic geometry. This network formation leads to significant increases in storage modulus and
complex viscosity, particularly as filler concentration approaches the percolation threshold the point
at which a continuous network forms throughout the matrix. Furthermore, surface functionalization
of CNTs can enhance compatibility with the polymer matrix, improving dispersion and mechanical
reinforcement. Structural considerations further complicate this relationship. Moniruzzaman and
Winey, [13] discuss how the alignment, dispersion, and percolation of nanotubes within the matrix
critically influence rheological behavior. Aligned CNTs can enhance load transfer efficiency and
result in anisotropic mechanical properties; however, achieving uniform dispersion remains a
challenge due to CNT agglomeration driven by van der Waals forces. Poor dispersion can lead to
localized stress concentrations and diminished performance. Rheological measurements serve as
sensitive indicators of dispersion states; for instance, an increase in low-frequency storage modulus
often correlates with improved network formation. The interplay between these factors is non-linear
and highly dependent on processing conditions. Shear-induced alignment during processing can
enhance CNT alignment but may disrupt percolation networks if shear rates are excessively high.
Chatterjee and Krishnamoorti (2013) [86] note that this balance between alignment and network
integrity is crucial for tailoring properties such as electrical conductivity or mechanical strength.

The interplay between the polymer matrix and CNTs, including their dispersion, alignment, and
interactions, governs the material’s response to deformation. Key rheological properties like shear
and extensional rheology, nonlinear viscoelasticity, and thixotropy are essential to understanding
and optimizing PS/CNT composite performance for diverse applications. Shear rheology is essential
for understanding how PS/CNT composites behave when subjected to shear forces, such as those
encountered in extrusion, injection molding, and other processing techniques [87]. In particular, the
behaviour of CNTs, which tend to form networks within the polymer matrix, strongly influences the
rheological properties of the composite. CNTs, especially those with high aspect ratios, can form
interconnected networks even at low concentrations due to their anisotropic geometry. These
networks significantly enhance the material’s storage modulus and complex viscosity as the filler
concentration approaches the percolation threshold, the point at which the CNT network becomes
conductive. Proper dispersion of CNTs within the polymer matrix is vital to achieving enhanced
rheological properties. Well-dispersed CNTs lead to better network formation and improved
mechanical reinforcement. Surface functionalization of CNTs can further improve their compatibility
and dispersion in the polymer matrix. Despite these advantages, CNTs tend to agglomerate due to
van der Waals forces, which can disrupt the network and lead to localized stress concentrations. This
results in negative effects on the material's rheological and mechanical properties. Under shear
deformation, CNTs tend to align along the flow direction. This alignment can enhance the
composite’s anisotropic properties, such as improved mechanical strength and conductivity in the
direction of the flow. However, excessively high shear rates can disrupt the percolation network and
degrade the composite’s overall performance [88,89].

In addition to shear rheology, extensional rheology is crucial for processes where the material
undergoes elongational flow, such as fiber spinning, film blowing, 3D printing, and melt extrusion.
The extensional viscosity (ng), which characterizes the material's resistance to stretching, plays a
critical role in these processes [90]. In PS/CNT composites, the presence of CNTs introduces strain-
hardening behavior, where the extensional viscosity increases with the elongational strain rate. This
enhances the melt strength and printability of the composite, especially beneficial for processes like
3D printing where high extensional viscosity improves shape retention. As the CNT concentration
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increases, extensional viscosity significantly increases due to stronger interactions between the
polymer and the CNTs, and the formation of CNT networks. This behaviour also improves
processing in 3D printing, preventing issues like filament breakage and sagging in film production.
During extensional deformation, CNTs can align further, contributing to enhanced mechanical
strength and anisotropic properties along the flow direction. This behaviour is advantageous for
producing high-performance, anisotropic materials in various applications [91,92].

Nonlinear viscoelasticity becomes prominent in polymer nanocomposites when subjected to
large deformations or complex shear flows. This behaviour goes beyond simple linear models and
provides a more accurate representation of real-world processing conditions [93]. Large Amplitude
Oscillatory Shear (LAOS) is a technique used to study the nonlinear viscoelastic behaviour of
materials under large oscillatory deformations, as encountered in processing techniques like
extrusion, injection molding, and 3D printing. LAOS experiments reveal that PS/CNT composites
exhibit strain-stiffening behavior, where the viscosity and storage modulus increase as the strain
amplitude increases. This is attributed to the formation of percolated CNT networks that become
more resistant to deformation at higher strains. These networks enhance the material's stiffness and
energy storage capacity. As the strain amplitude exceeds a certain threshold, the response of PS/CNT
composites becomes highly nonlinear. This nonlinear behavior is characterized by higher-order
harmonics in the stress response, indicating complex interactions between the CNTs and the polymer
matrix. The magnitude of these harmonics increases with CNT concentration, reflecting the growing
complexity of the composite's internal structure. LAOS can also be used to examine the yield stress,
the point at which the material transitions from solid-like to liquid-like behavior. In PS/CNT
composites, higher CNT concentrations can increase the yield stress due to the formation of robust
CNT networks, which resist deformation at low shear stresses [94,95].

Thixotropy is the time-dependent decrease in viscosity under constant shear, followed by
recovery when the shear is reduced. This behavior is important for processes that involve intermittent
shear, such as extrusion, injection molding, and coating applications [96]. During shear, CNTs align
along with the flow direction, which contributes to a decrease in viscosity. Once the shear is reduced
or removed, the material recovers its original structure, and the viscosity increases. This reversible
process is a key feature of thixotropic behavior in PS/CNT composites. Under shear, CNTs tend to
form a network structure that significantly increases the viscosity of the composite. When the shear
is removed, the network begins to break down, reducing viscosity. Over time, the viscosity recovers
as the CNTs reassemble into a more ordered network. This behavior is important for controlling the
material’s flow during processing. Well-dispersed CNTs contribute to stable network formation,
resulting in more pronounced thixotropic behavior. Poor dispersion, on the other hand, leads to
weaker, fragmented CNT networks, resulting in less pronounced thixotropy and more inconsistent
processing behavior [97,98].

4.1. Relative and Complex Viscosity

The presence of CNT significantly influences the viscosity of molten PS. Viscosity measures a
material's resistance to flow, and the addition of CNT can alter this property in various ways. In
general, the viscosity of PS/CNT composites exhibits a strong increase with CNT concentration, even
before the formation of a percolated network. This initial rise in viscosity is attributed to the
hydrodynamic effects and microstructural constraints imposed by dispersed CNT, which hinder the
mobility of polymer chains and increase entanglement density [99]. At low CNT concentrations, the
CNT are well dispersed within the PS matrix, and the increase in viscosity is moderate due to isolated
CNT-polymer interactions. However, as the CNT concentration increases, steric hindrance and
nanotube-polymer coupling become more pronounced, leading to a nonlinear viscosity response.

Once a percolated CNT network is formed, the viscosity behavior transitions dramatically. At
this stage, CNT-CNT interactions dominate, forming a physically interconnected network that
significantly restricts macroscopic flow. The zero-shear viscosity diverges towards extremely high
values, approaching a pseudo-solid-like or gel-like behavior as CNT loading further increases. This
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percolation-driven transition is well described by scaling laws and theoretical models, such as the
Einstein-Batchelor equation [100] for dilute suspensions and percolation theories for high-loadings,
which capture the critical CNT volume fraction at which viscosity shifts from polymer-dominated to
network-dominated behavior. The strong nonlinear dependence of viscosity on CNT concentration
underscores the complex interplay between dispersion, entanglement, and network formation, which
must be carefully considered in the processing and application of PS/CNT composites.

The viscosity of particle dispersions is significantly influenced by the shape of the particles, as
discussed by Bicerano, Douglas, and Brune [85]. When fillers are high aspect ratio fibers, the viscosity
behavior differs markedly from that of composites with spherical fillers. This is because the elongated
shape of fibers increases the interaction between particles, leading to higher viscosity. The Einstein
equation for relative viscosity is typically used for dilute suspensions of spherical particles and relates
the relative viscosity of a suspension to the volume fraction of the dispersed phase. However, this
equation is not suitable for high aspect ratio fillers because it does not account for the shape of the
particles. Intrinsic viscosity, a measure of a solute's contribution to the viscosity of a solution, is
influenced by the shape and size of the particles. For high aspect ratio particles, the intrinsic viscosity
is higher due to the increased hydrodynamic interactions. R. G. Larson in "The Structure and
Rheology of Complex Fluids" [101] explained that the intrinsic viscosity of rod-like particles is
proportional to their aspect ratio (length/diameter). This relationship is crucial for understanding the
rheological behavior of composites with non-spherical fillers.

The Einstein equation for relative viscosity is given by:
N=1+2.5¢ (08}

where 1r is the relative viscosity and ¢ is the volume fraction of the dispersed phase. This
equation is valid for spherical particles in dilute suspensions [102].

For non-spherical particles, the intrinsic viscosity [1] can be expressed as:

[l =3/2 (/D) @)

where “L” is the length and “D” is the diameter of the rod-like particles. This equation shows
the dependence of intrinsic viscosity on the aspect ratio of the particles.

For CNT/PS composites, the concept of intrinsic viscosity and its dependence on aspect ratio is
more appropriate. This is because CNTs have a high aspect ratio, and their dispersion significantly
affects the composite's viscosity. The intrinsic viscosity model better captures the rheological
behaviour of CNT/PS composites compared to the Einstein equation, which is limited to spherical
particles.

For higher concentrations, more complex models such as the Krieger-Dougherty equation or the
Mooney equation are used to account for particle interactions and network formation [103-105].
Parnian and D’Amore explored how polymer solution viscosity affects carbon nanotube (CNT)
dispersion, focusing on its impact on mechanical and electrical properties. They found that viscosity
depends on polymer concentration and molecular weight, with distinct behaviours emerging at
different concentration levels. Below a critical concentration, the polymer chains are loosely
distributed, resulting in lower viscosity and minimal interaction between chains. Above this critical
concentration, the chains become entangled, significantly increasing viscosity and making flow more
difficult. Their findings suggest that when polymer concentration is near this critical point, CNT
dispersions are unstable, as network structures do not form effectively. However, increasing the
concentration beyond this point leads to a sharp rise in viscosity, promoting the formation of more
stable network structures. This indicates that viscosity is a key factor in determining the stability and
uniformity of CNT dispersions, with higher viscosity aiding in achieving stable dispersions [21].

Oscillatory shear rheometry is widely used to characterize the viscoelastic behaviour of polymer
solutions and composites. In this technique, a sinusoidal deformation is applied to the material, and
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the resulting stress response is analyzed to determine the storage modulus (G'), loss modulus (G"),
and complex viscosity (n*). Oscillatory shear primarily focuses on measuring how a material
responds to periodic deformations across different frequencies. This allows for the evaluation of
fundamental viscoelastic properties without inducing nonlinear effects, such as molecular
rearrangement or network breakdown. Linear viscoelasticity describes the material’s response under
small deformations, where stress and strain remain proportional, allowing the evaluation of
fundamental viscoelastic properties without inducing structural changes. These concepts are well-
established in rheological studies [106,107].

Complex viscosity (n*) is a measure of a material’s resistance to deformation under oscillatory
shear. It combines both the elastic and viscous components of the material’s response and is useful
for characterizing the overall rheological behavior of PS/CNT composites. Unlike steady shear
viscosity, which is measured under continuous flow, complex viscosity provides frequency-
dependent information, helping to capture viscoelastic transitions in polymer-based systems.
Complex viscosity is determined from oscillatory rheometric data and provides insights into the
material’s viscoelastic properties [101].

The complex viscosity is given by:

JETFa? 3)

w

n'=
where G' is the storage modulus, G" is the loss modulus, and w is the angular frequency of the
applied oscillatory stress. The complex viscosity of PS/CNT composites typically increases with CNT
concentration due to the formation of a percolated CNT network, which imparts additional resistance
to deformation. Analysing complex viscosity helps in understanding the interplay between elastic
and viscous behaviour in PS/CNT composites. It provides valuable information for optimizing
processing conditions and predicting the material’s performance in various applications. Park et al.
[108] examined the rheological properties of multi-walled carbon nanotube (MWCNT) and
polystyrene (PS) composites, focusing on complex viscosity (n*), storage modulus (G'), and loss
modulus (G"). The study considered various contents of a dispersing agent (0, 10, and 20 wt.%) in
relation to the physical gel formation and MWCNT dispersion within the composites.

Although all composites displayed similar rheological trends, the results for the composite
without the dispersing agent were primarily highlighted for clarity. At 210 °C, the complex viscosity
(n*) versus frequency plot for the composite with 0 wt.% dispersing agent showed (Figure 13) that
complex viscosity increased with higher MWCNT concentrations. This effect was most pronounced
at low frequencies, where MWCNT concentrations between 2 and 5 wt.% significantly altered the
frequency dependence of complex viscosity. As frequency increased, the complex viscosity decreased
due to shear thinning behaviour, illustrating the dynamic response of the composite material under
varying shear conditions.
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Figure 13. Complex viscosity (n*) of MWCNT/PS composites at 210 °C at various MWCNT concentrations,
without any dispersing agent [108].

Kaseem et al. [20] reported that Woo and Lee investigated the impact of various MWCNT
treatment methods on the rheological properties of latex-blended PS/MWCNT composites. They
compared four treatments: untreated (PS/P-CNT), acid-treated (PS/A-CNT), ultrasonic-treated
(PS/U-CNT), and a combination of acid and ultrasound (PS/AU-CNT). The findings revealed that the
PS/P-CNT composites had the poorest dispersion due to weak interactions between the PS latex and
MWCNTs, while the PS/AU-CNT composites achieved the best dispersion. Figure 14 (a) and (b)
illustrate this disparity, with Figure 14 (a) showing the poor dispersion in PS/P-CNT composites and
Figure 14 (b) highlighting the optimal dispersion in PS/AU-CNT composites. Figure 14 (c) shows
Nanotube interactions formed a solid-like network at low frequencies, resulting in significant yield
stress. Conversely, at higher frequencies, as illustrated in Figure 14 (d), weakened nanotube
interactions and the orientation of fillers led to lower viscosities. This underscores the critical role of
treatment methods in optimizing dispersion and rheological performance in the composites.
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Figure 14. SEM images demonstrating the dispersion characteristics of MWCNTs within freeze-dried
PS/MWCNT composites: (a) PS/P-CNT and (b) PS/AU-CNT. Furthermore, (c) depicts the complex viscosities of
PS/P-CNT composites at 210 °C as a function of frequency, while (d) illustrates the complex viscosities of PS/AU-
CNT composites at 210 °C across the same frequency range [20].

4.2 Elasticity

Elasticity refers to the ability of a material to return to its original shape after deformation. In
PS/CNT composites, the incorporation of CNTs enhances the elastic modulus of the material,
reflecting an increase in stiffness and resistance to deformation. The elasticity of the composite can
be characterized by rheological techniques such as oscillatory rheometry, which measures the
material's response to oscillatory stress. The storage modulus (G') and loss modulus (G") are key
parameters in oscillatory rheometry. The storage modulus represents the elastic, or "solid-like,"
behavior of the material, while the loss modulus represents the viscous, or "liquid-like," behavior.
The ratio of G" to G' indicates the degree of elasticity versus viscosity in the composite. As CNT
concentration increases, the storage modulus generally increases, indicating enhanced elastic
behavior and stiffness.

The relationship between the elastic modulus and CNT concentration can be described by the
following equation:

E = Eo+ ko )

where “E” is the elastic modulus of the composite, “Eo” is the modulus of the pure PS, “k” is a
constant related to the reinforcement effect of CNTs, and “n” is the concentration exponent. This
equation highlights the significant impact of CNTs on the composite’s elasticity, with higher
concentrations leading to greater improvements in stiffness and rigidity [109].
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This relationship highlights the significant impact of CNTs on the composite’s stiffness and
rigidity. As CNT concentration increases, the elastic modulus rises due to the effective load transfer
from the polymer matrix to the stiff CNTs. This behaviour is supported by theoretical models like the
Halpin-Tsai equations [110], which consider the shape and orientation of fillers, and the Mori-Tanaka
method [111], which estimates stress distribution and elastic energy in materials with inclusions.
Additionally, empirical studies, such as those by Fornes and Paul [112], demonstrate the applicability
of these models to various polymer nanocomposites, including PS/CNT composites. These models
and studies provide a comprehensive understanding of the reinforcement mechanisms at play,
explaining the observed increase in stiffness with higher CNT concentrations. Fragneaud et al. [113]
studied the enhancement of interfacial adhesion in polystyrene-carbon nanotube (CNT) composites
by grafting polystyrene chains onto CNT surfaces. They covalently bonded polystyrene with an
average molecular weight of about 10”4 g mol™ and synthesized composites with varying CNT
weight fractions. The grafting improved nanotube dispersion, increased Young's modulus below T,
and enhanced stress at break, while low molecular weight grafting plasticized the matrix near the
nanotube surface.

However, the inclusion of nanoparticles in polymer matrices, even when well-dispersed, does
not necessarily lead to an improvement in elasticity or shear moduli. A key factor that influences this
behaviour is the effect of nanoparticles on the glass transition temperature (Ts) of the composite
material [114]. The addition of nanoparticles, particularly those with high surface area, can disrupt
the packing of polymer chains, resulting in increased free volume at the nanoparticle/polymer
interface. This typically causes a decrease in T; relative to the pure polymer, as the polymer chains
exhibit greater mobility at lower temperatures. This reduction in Tg can lead to a decrease in the
overall rigidity of the material, which may negatively affect its mechanical properties, such as
elasticity and shear modulus. Furthermore, the interaction between the nanoparticles and the
polymer matrix dependent on nanoparticle size, surface functionalization, and loading plays a crucial
role in determining the extent of Tg reduction. While well-dispersed nanoparticles can enhance
mechanical properties by reinforcing the polymer matrix, excessive nanoparticle loading or poor
dispersion can lead to agglomeration, which can further diminish the mechanical performance and
exacerbate the reduction in Ts. Consequently, the relationship between nanoparticle incorporation,
Tg, and the composite's mechanical behaviour should be carefully considered, as changes in Ty do not
always correlate directly with improvements in elasticity or shear moduli [115,116].

In Figure 15, the storage shear modulus at 420 K is plotted against filler volume fraction and
compared to the Halpin-Kardos (HK) model, using parameters (CNT Young’s modulus = 750 GPa, f
= 80). For CNT fractions below 0.5 vol.%, the moduli aligned well with HK predictions. However, at
higher fractions, observed moduli exceeded expectations, highlighting the impact of nanotube
entanglements on mechanical behaviour, especially when the polymer acts nearly as a liquid. This
suggests that the HK model, which overlooks filler-filler interactions, underestimates experimental
data. Additionally, PS-g-CNx composites were less stiff than a-CNx MWNT composites due to the
lubricant effect of the grafted PS layer aiding nanotube disentanglement.
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Figure 15. Shear storage modulus at 420 K of polystyrene composites filled with a-CNx MWNTs (O) and PS-g-
CNx MWNTs (M), compared to the shear modulus calculated using the Halpin-Kardos equation (—) [113].
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Another study [108] explored the mechanical properties of polystyrene composites reinforced
with multi-walled carbon nanotubes (MWCNTs), focusing on the influence of MWCNT content on
viscoelastic behaviour. The storage modulus (G') of the composites, measured at 210 °C, is
logarithmically plotted as a function of frequency in Figure 16 (a). The results demonstrated that G’
generally increased with frequency, with a more pronounced rise in the storage modulus observed
particularly in the low-frequency range. This finding suggests a heightened sensitivity of G' to
frequency variations. In Figure 16 (b), the loss modulus (G") versus frequency is presented. Similar
to the storage modulus, G” also exhibited an increase with frequency. However, the rise in G"” was
less pronounced than that of G, indicating that the storage modulus is more sensitive to changes in
frequency. Additionally, a significant qualitative change in both moduli versus frequency plots was
noted when the MWCNT content was increased from 2 to 5 wt.%, suggesting that higher MWCNT
concentrations substantially enhance the viscoelastic properties of the composites.
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Figure 16. Storage modulus (G’) and loss modulus (G") of MWCNT/PS composites without the dispersing agent,
measured at 210 °C. (a) Storage modulus (G'). (b) Loss modulus (G") [108].

Zhang et al. [38] developed low-cost, high-performance conductive polymer composites (CPCs)
using miscible poly(phenylene oxide)/polystyrene (PPO/PS) blends as matrices to enhance the
dispersion of carbon nanotubes (CNTs). This approach achieved a significantly lower percolation
threshold compared to traditional methods, resulting in improved electrical conductivity. Figure 17
illustrates the rheological properties of the composites. In (a) and (b), the storage modulus (G') and
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loss modulus (G") are shown as functions of frequency, respectively. Both G" and G" increase with
CNT content, with a more pronounced rise in G/, indicating typical behaviour for filled polymers.
The substantial increase at low frequencies suggests the formation of a CNT network that enhances
the composites' elasticity. In (c), the damping factor (tan d) decreases with increasing CNT content,
reflecting the development of a more elastic material. Finally, (d) displays the complex viscosity,
which shows shear-thinning behaviour in CNT-containing composites, indicating effective
dispersion and interactions between CNTs and the PPO/PS matrix. A low-frequency plateau in G’
and a positive slope in tano at 2.0wt.% CNT content further confirm the establishment of a
rheological percolating network, consistent with the previously determined electrical percolation
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Figure 17. (a) Storage modulus, (b) loss modulus, (c) damping factor (tan d), and (d) complex viscosity plotted
against frequency for CNT-filled PPO/PS(35/65) blends with CNT concentrations of 0, 0.5, 1, 2, and 3 wt.% at a
temperature of 270 °C [38].

Moskalyuk et al. [117] investigated the elastic properties of polystyrene-based nanocomposites
filled with various inclusions such as SiO2, A2Os, alumosilicates, and carbon nanofillers. Composites
were fabricated using melt technology, and both linear and non-linear elastic properties were
studied. The addition of rigid fillers significantly increased the elastic modulus, with carbon fillers
achieving up to an 80% rise. Non-linear elastic moduli were more sensitive to filler content than linear
ones. Figure 18 (a) shows the elastic modulus as a function of filler type and concentration,
highlighting that carbon-based fillers had the greatest impact on improving elasticity. Marcourt et al.
[118] studied CNT-filled conductive polymer composites (CPCs) using pure polystyrene (PS) and
high-impact polystyrene (HIPS). They employed a volume segregation strategy to achieve
conductivity at low CNT content by maintaining a continuous phase of the filler. The study
monitored electrical conductivity and elongational stress, showing that while both composites
behaved similarly during CNT network destruction, the HIPS nodules slightly hindered the
structuring during deformation.

Figure 18 (b) shows storage modulus (G’) vs. frequency for PS composites, and Figure 18 (c) for
HIPS composites, highlighting higher modulus in HIPS due to rubber nodules. Figure 18 (d)
illustrates equilibrium modulus vs. filler concentration, where PS follows a percolation exponent of
2.76, while HIPS exhibits a lower exponent of 1.84, indicating a different network structure.
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Figure 18. (a) Elastic modulus of PS composites relative to filler concentration [117]. (b) Storage modulus as a
function of angular frequency at 200°C for PS-based composites at varying CNT concentrations. (c) Storage
modulus as a function of angular frequency at 200°C for HIPS composites, with volume concentrations specified
for the PS phase. (d) Equilibrium modulus plotted against CNT volume fraction in the PS continuous phase.
Symbols represent experimental results, while lines correspond to predictions from percolation theory [118].

4.3. Shear Thinning and Flow Behavior

Shear thinning, or pseudoplastic behavior, is a phenomenon where the viscosity of a material
decreases with increasing shear rate. This behavior is commonly observed in PS/CNT composites,
particularly at high CNT concentrations. The shear thinning behavior is attributed to the alignment
of CNTs under shear forces, which reduces the internal friction and resistance to flow.

The flow behavior of PS/CNT composites can be characterized using the power-law model,
which relates shear stress (t) to shear rate (y) by the following equation:

T=Kyr )]

where “K” is the consistency index and “n” is the flow behaviour index. In the case of shear-
thinning materials, the flow behaviour index “n” is less than 1, indicating a decrease in viscosity with
increasing shear rate. The presence of CNTs in the PS matrix affects the power-law parameters, with
higher CNT concentrations typically leading to more pronounced shear thinning behaviour. The
shear thinning behaviour of PS/CNT composites is advantageous in processing applications, as it
allows for easier flow and moldability under high shear conditions. However, it also poses challenges
in achieving uniform dispersion and controlling the material’s final properties.

A study [33] investigated the effects of three types of styrene-butadiene block copolymers (SB
and SBS) on the morphology, electrical, and rheological properties of immiscible
polypropylene:polystyrene (PP:PS) blends filled with multi-walled carbon nanotubes (MWCNTs) at
a fixed ratio of 70:30 vol.%. The addition of copolymers reduced droplet size in the blend and
improved morphology, while MWCNTSs maintained their ability to create co-continuity. Notably, the
electrical resistivity of the PP:PS/1.0 vol.% MWCNT system decreased by 5 orders of magnitude due
to the formation of conductive networks through PS droplets, PP, and copolymer micelles. Molecular
simulations indicated that diblock copolymers had better interactions with MWCNTs than triblock
copolymers, while interactions between copolymers and PP or PS were stronger than with MWCNTs.
TEM images showed that MWCNT localization shifted from PS to the PS-PP-micelle interfaces.
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Figure 19 displays shear viscosity as a function of shear rate for neat PP, PS, and copolymers, showing
that PS has the lowest viscosity (597 Pa-s) compared to the copolymers. This lower viscosity likely
facilitated better wetting of MWCNTs, reducing their interaction with copolymers and PP. The study
also used Hildebrand solubility parameters to analyze interactions among the copolymers, polymers,
and MWCNTs, highlighting the complexity of these relationships.
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Figure 19. Shear viscosity as a function of shear rate for pure polypropylene (PP), pure polystyrene (PS), and
pure styrene-butadiene block copolymers, measured using capillary rheology [33].

In another study [119] Massoudi and coauthors examined constitutive relations for flow and
heat transfer in nanofluids, emphasizing the measurement of viscosity and thermal conductivity. It
highlighted the limitations of conventional models, which often fail to account for non-linear and
time-dependent behaviors. The research proposed treating nanofluids as generalized second-grade
fluids, with viscosity dependent on the rate of deformation. Key findings showed that solid
concentration and fluid nonlinearity significantly influenced viscosity, and the proposed model
effectively described fluid behavior when compared to experimental data. Additionally, it noted that
an orthogonal rheometer is required to assess normal stress differences in nanofluids.

Kagarise et al. [120] conducted a detailed study on the transient shear rheology of polystyrene
(PS) composites reinforced with carbon nanofibers (CNFs). Their findings demonstrated that as the
concentration of CNFs increased, the stress overshoot response to transient shear also became more
pronounced. Additionally, the steady-state viscosity of the composites, observed at long times under
constant shear, increased with higher CNF concentrations. These results highlighted the influence of
CNFs on the viscoelastic properties of the composite, particularly under shear stress.

Figure 20 (a,b) presents the transient shear viscosity versus time for the composites at different
constant shear rates. In Figure 20 (a), the pure PS (SCO) shows typical rheological behaviour for a
homogeneous linear polymer, exhibiting Newtonian characteristics at lower shear rates and shear
thinning at higher rates. At shear rates of 0.01 s, 0.001 s7, and 0.0001 s, the viscosity curves overlap,
indicating minimal change in viscosity with time. In contrast, Figure 20 (b) for the PS composite with
10 wt.% CNF (SC10) shows a more pronounced shear thinning effect at low shear rates (below 0.1
s71), where the viscosity significantly increases, demonstrating the strong influence of CNF content
on the composite’s rheological response. Figure 20 (c,d) illustrates the reduced stress at the startup of
constant shear for both SC0 and SC10 composites, plotted as a function of strain. The reduced stress,
Tred, represents the ratio of transient shear stress to steady-state shear stress. In Figure 20 (c), the SCO
sample exhibits typical behaviour with minimal stress overshoot at all shear rates. However, Figure
20 (d) reveals that in the SC10 sample, the magnitude of the stress overshoot increases with increasing
shear rates, showcasing a much more pronounced viscoelastic response. Notably, the strain
corresponding to the peak of the stress overshoot decreases as the shear rate increases in SC10, a
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behaviour absent in SCO. Additionally, the overshoot width (the duration over which the stress
exceeds steady-state levels) narrows with increasing shear rates in SC10, whereas it remains relatively
constant for SCO. These differences between SCO and SC10 indicate that the addition of CNFs
significantly alters the structural dynamics of the composite during shear, leading to greater stress
responses and enhanced shear thinning behaviour. This suggests that CNFs play a crucial role in
modifying both the transient and steady-state rheological properties of PS-based composites.
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Figure 20. Transient shear viscosity as a function of time for (a) SCO (pure PS) and (b) SC10 (PS with 10 wt.%
CNF) composites at various constant shear rates. The respective shear rates are indicated in the legend for each
plot. Reduced stress during the startup of constant shear for different shear rates in (c) SCO (pure PS) and (d)
SC10 (PS with 10 wt.% CNF) samples. The corresponding shear rates for each case are listed in the legend [120].

5. Challenges and Future Perspectives

The development of polystyrene/carbon nanotube (PS/CNT) composites presents several
intricate challenges that must be addressed to fully harness their potential in various applications.
One of the most pressing issues is achieving a uniform dispersion of carbon nanotubes (CNTs) within
the PS matrix. The high surface area and strong van der Waals forces inherent to CNTs often lead to
significant aggregation, which can severely detract from the mechanical and rheological properties
of the composite material. While techniques such as sonication, high-shear mixing, and
functionalization have been employed to improve dispersion, each method has inherent limitations;
for instance, sonication can induce fragmentation, and high-shear mixing may result in thermal
degradation. Consequently, future research must focus on exploring innovative dispersion strategies,
including advanced mechanical mixing techniques and the development of novel surfactants tailored
for CNT stabilization, to achieve a more homogeneous distribution without compromising the
integrity of the CNTs.

Equally critical is the challenge of ensuring strong interfacial bonding between CNTs and the
PS matrix. The chemically inert and smooth surface of CNTs can hinder effective stress transfer,
thereby undermining the potential mechanical enhancements that these composites can offer.
Functionalization of CNTs serves as a common approach to enhance interfacial interactions;
however, it may inadvertently alter the properties of the CNTs, which can diminish their reinforcing
capabilities. Thus, the pursuit of new functionalization methods that enhance compatibility while
preserving the unique characteristics of CNTs is vital. Additionally, the exploration of coupling
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agents and compatibilizers that promote better interactions between CNTs and PS could provide
further improvements in composite performance.

Scalability and cost remain significant barriers to the commercialization of PS/CNT composites.
The expense associated with producing high-quality CNTs and the complexity of ensuring consistent
dispersion and performance at an industrial scale present a terrible challenge. To mitigate these
issues, ongoing research is focused on developing more cost-effective synthesis methods for CNTs,
as well as optimizing processing conditions that enhance the feasibility of large-scale manufacturing.
Furthermore, the environmental and health implications of CNTs cannot be overlooked. Concerns
regarding their toxicity to human health and ecosystems necessitate a concerted effort to develop
safer, low-toxicity variants of CNTs, alongside improved handling and disposal methods.

To address the challenges associated with the development of polystyrene/carbon nanotube
(PS/CNT) composites, several targeted solutions can be implemented. Achieving uniform dispersion
of CNTs can be facilitated through advanced mixing techniques, such as combining high-energy
ultrasonic mixing with high-shear mixing to maintain CNT integrity. The development and use of
novel surfactants specifically designed for CNT stabilization will further enhance dispersion without
negatively impacting their properties. Employing in situ polymerization methods during the
synthesis of PS may also promote improved CNT distribution. For ensuring strong interfacial
bonding, optimizing functionalization techniques is crucial; this includes grafting polymer chains
onto CNT surfaces and incorporating effective coupling agents that enhance compatibility with the
PS matrix. Investigating hybrid composites that combine CNTs with other nanofillers can also
improve bonding and overall performance. Addressing scalability and cost concerns necessitates
research into more cost-effective synthesis methods for CNTs, such as using alternative precursors in
chemical vapor deposition (CVD), while optimizing processing parameters for efficiency and quality.
Collaborations between academia and industry can also foster knowledge sharing and resource
utilization for scalable production. To mitigate environmental and health concerns, the development
of low-toxicity CNTs and comprehensive safe handling protocols is essential. Moreover, formulating
biodegradable PS/CNT composites and conducting lifecycle assessments will help ensure
environmental sustainability. Finally, leveraging interdisciplinary collaboration and computational
tools is vital; promoting research initiatives that integrate machine learning can accelerate the
identification of optimal material formulations and processing conditions. Together, these solutions
present a comprehensive approach to advancing the field of PS/CNT composites and realizing their
full potential in various applications.

6. Conclusion

The rheological properties of PS/CNT composites are crucial for their processing and
performance in advanced applications. Incorporating CNT significantly alters parameters such as
viscosity, elasticity, and flow behavior, making uniform dispersion a critical challenge.
Agglomeration due to strong van der Waals forces increases viscosity and reduces flowability,
complicating processing methods. The interaction mechanisms, including Van der Waals forces,
covalent bonding, and m-m stacking, enhance viscoelastic properties and facilitate better stress
transfer from the matrix to CNT, improving mechanical performance. Preparation methods, such as
melt mixing, solution mixing, and others, significantly impact the rheological behavior, presenting
unique advantages and limitations regarding CNT dispersion. PS/CNT composites typically exhibit
shear thinning and viscoelastic characteristics, which are essential for extrusion and injection
molding. Achieving the right balance between viscosity and elasticity is vital for effective material
processing while maintaining the final product's integrity. This review highlights the current
challenges and future directions in the field and is a valuable resource for new researchers. Our
comprehensive collection of data and insights can guide future investigations, helping to foster
innovation in the development and optimization of PS/CNT composites. By addressing existing
challenges and leveraging this accumulated knowledge, the full potential of PS/CNT composites can
be realized across various industries, including electronics, aerospace, and automotive engineering.
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