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Abstract Undoubtedly, polyvinyl chloride (PVC) is one of the most produced
synthetic polymers globally and is used in all areas of life. Its general structure
consists of hydrocarbon and chloride as well known. The main reasons for its
widespread use in our life are low production cost, high mechanical strength, and
chemical stability. The PVCs have significant problems such as low thermal resis-
tance or weak impact strength. Thus, nowadays, the current studies are noteworthy on
the PVC-matrix composites reinforced with micro-/nano-based fillers. The primary
purpose of this studies improves the mechanical, physical, or chemical properties
of PVC. Of course, the essential feature of a composite structure is the matrix/
reinforcement interface and its interactions. In addition to the production method,
the selection of matric and reinforcement fillers is the main factor affecting the
adhesion and interactions between the interface. In this chapter, an overview of the
possible interaction of PVC with micro- and nano-fillers is presented.

1 Introduction

Polyvinyl chloride (PVC), composed of 42% hydrocarbon and 58 % chloride, was first
discovered by the scientist Regnaultin 1835. After polyethylene (PE) and polypropy-
lene (PP), the PVC is one of the thermoplastic polymers we use primarily in everyday
life, such as construction, packaging, medical, or clothing. Some application areas
of PVC can be listed as pipes, electric wires, window profiles, credit cards or bags,
and tubing for blood transfusion [46]. More recently, wood fiber PVC has become
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more popular, with good mechanical properties, moisture, fungal resistance, long
life, wood-like surface performance, and recyclability [16, 46].

The primary reasons for PVC’s widespread use are its low cost, high mechanical
strength, and high chemical resistance [5, 76, 78]. Moreover, good insulation and
fire resistance may be considered as their other vital features [5]. However, the PVCs
have major problems such as low thermal stability, low impact strength, and low
strength [83]. Current studies in this field have focused mainly on the addition of
impact regulators and coupling agents to improve composite properties [46]. Many
researchers have conducted numerous studies on PVC matrix composites and/or
nanocomposites to enhance PVCs’ properties [16, 78].

The fillers reinforced into the PVC matrix can be divided into PVC matrix compos-
ites and PVC matrix nanocomposites. However, different fillers are reinforced into
the PVC matrix beyond size. These can generally be categorized as organic and
inorganic fillers, but this classification is very generic. To make an understandable
classification for fillers reinforced into the PVC matrix, these fillers can be clas-
sified as follows: (i) carbon-based fillers, (ii) natural fillers, (iii) mineral and metal
oxide fillers [24]. Carbon-based fillers reinforced into the PVC matrix include carbon
nanotubes (CNTs), graphene oxide (GO), carbon black, graphite, etc. Natural fillers
include rice husk, bamboo fiber, coconut shell, banana pseudostem, etc. Even though
plenty of metal oxide fillers is used in the PVC matrix, the most commonly used
ones are SiO,, TiO,, ZnO, MgO, etc. The most common mineral clays are bentonite,
kaolinite, talc, etc. [24, 35, 78] (Fig. 1).

The type and size of fillers used to improve the properties of the PVC matrix are
essential. However, another equally important parameter is figuring out and inter-
vening with matrix/filler interaction. Interfacial interaction of PVC matrix/fillers can
be enhanced so that an effective improvement can be seen in many properties of
composites, particularly the mechanical properties [87, 88], as well as the wetta-
bility and adhesion between PVC matrix/fillers can be developed with the surface
modification of fillers [29].

Filler materials can be used as particle or fiber reinforcements. Filler materials
are particles when geometric axes have a similar order of magnitude in two or three
dimensions, depending on the Aspectratio (for example, a spherical or discoid shape).
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such as rice husk, such as carbon such as bentonite, such as titanium
bamboo fiber, Shell, nanoctubes, graphene kaolinite, tales, calcium dioxide, zinc oxide,
banana pseudo stem, oxide, carbon black, carbonates, silica, etc. magnesium oxide,
cellulose, wood flour, graphite alumina, antimony
starches, etc. oxide, beryllium oxide,

silicon oxide, etc.

Fig. 1 Fillers types added to the PVC resin
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The aspect ratio of particle filler plays an important role. The higher the aspect ratio,
the higher the strength of the composite. The aspect ratio must be obtained above the
critical value for better stress transfer [50]. Fibers can be defined when one dimen-
sion is considerably larger than the other two dimensions (e.g., carbon nanotubes
have approximately 1000 nm in length only compared to ~ 1 nm diameter). Fiber-
reinforced composites have been widely used in applications such as construction
for many years, and their market share is increasing in many other industries. Fiber-
reinforced composites consist of fibers that act as reinforcements or fillers and a
polymer matrix. In fiber-reinforced composites, the matrix protects fibers against
external environmental harmful impacts [9].

As stated above, the bonding formation in the composite structure is explained
with the concept of “wettability” or “interface adhesion” [26]. Interface adhesion is
the other important parameter that should be considered after selecting the matrix
and filler elements, which are the main elements of the composite that will produce
the desired properties. Because in the absence of a good interface adhesion, the
charge from matrix phase-to-filler phase is not effectively transferred on composite
materials [25].

Polymer matrix composites (PMCs) may be exposed to stresses in operating condi-
tions. Stress concentration can be caused in the composite for two reasons (i) thermal
processing due to different thermal expansion coefficients for fiber and matrix and (ii)
mechanical stresses due to different strength properties of both materials. When an
adhesive with a low interface is subjected to composite loads, micro-cracks develop
on the interface and spread to the matrix. Consequently, the composite suffers damage
in the form of stripping or fracture [52].

Although composite materials are produced by joining macro grade matrices
and fillers in different ways, they are expected to act as a single material when
subjected to physical, chemical, or mechanical impact. In this respect, the value of the
bond strength or adhesion on the interface determines the behavior of the composite
[99]. Mechanical interlocking, electrostatic interaction, molecular interaction, and
chemical bonding are all bonding methods at the interface [29].

However, the high adhesive strength at the interface does not certainly lead to
optimal composite properties. It is crucial to figure out the role of physicochem-
ical interactions at the fiber-matrix interface and to establish quantitative correla-
tions between the nature and level of those interactions and the ultimate mechanical
behavior of composite materials [37]. In other words, the effect of interface adhe-
sion (W) on the magnitude of stress transfer capacity from fiber to matrix must be
analyzed [91]. This interface stress transfer capability is measured through a frag-
mentation test on single-fiber composites and is defined as shear strength, t, in the
interface. T is expressed as follow (Eq. 1) [49].

d-oyq,
— 2909 1
r= (1)

where d is the fiber diameter, /. is the critical length of the fiber part at the end of
the decomposition process, and o s,y defines the fiber stress strength at the length of
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the measurement equal to /.. The extent of theoretical and experimental approaches
leading to the establishment of such relationships is discussed [49]. Layers that
exhibit physical and mechanical properties different from mass, i.e., the presence of
the interface, affect the results. Therefore, it is of primary importance to comprehend
the role of physicochemical interactions at the fiber-matrix interface and to establish
quantitative relationships between the nature and level of those interactions and the
ultimate mechanical behavior of composite materials.

The physical attraction between electrically neutral bodies is best described as
the wetting of solid surfaces by liquids. Wetting-related bonding involves very short-
range interactions of atom-scale electrons that develop only when the atoms of the
components approach or come in contact with each other within a few atomic diam-
eters [73]. For continuous fiber composites, in particular, weak adhesion may result
from insufficient physical contact between the resin and the fiber due to incomplete
wetting. Contact between a liquid and a solid can be established provided that the
liquid is not too viscous and a thermodynamic driving force is present. Therefore,
wetting must be done for any adhesion to occur. A high value for a liquid surface free
energy prevents the spread of a liquid droplet from covering the surface. The wetting
or contact angle (6) is achieved by a balancing force (Young equation). Most of
polymeric surfaces can be described as low energy while fillers surface is described
as high energy. The total surface energy of a material is (y;. It can be considered
that this value consists of two parts; Lifshitz-van der Waals (yiLW) and acid-base
component (yiAB) [17]. The first section represents long-distance dispersion forces,
orientation (Keesom), and induction (Debye), while the second section represents
short-distance H-bond or Lewis’s acid—base interactions. Ideally, it is necessary to
characterize the solid resin (polymer) and filler (fiber) surface energies with proper
probe fluids for LW and acid-base components and to calculate adhesion for any
resin-solid system.

Consequently, methods such as roughening the matrix-reinforcement interface
and modifying the matrix and fillers may be employed to ensure good wettability
in the interface. These surface modification effects are attributed to thermody-
namic driving forces and have been shown to affect polymer adhesion and other
characteristics depending on the surface and interface forces.

2 PVC Matrix Composites Reinforced with Micro/
Nano-fillers

In micro filler/polymer composites, surface modification of particles has already
been a broadly applicable technique for minimizing particle/particle interaction and
increasing particle/matrix interaction. Along with the latest advances in nanoscience
and nanotechnology, the correlation between polymer nanocomposites’ properties
and nanoparticles’ surface modification has also become a significant interest [74].



Possible Interaction of PVC with Micro-and Nano-fillers 339

Polymer matrix nanocomposites (PNCs) represent a radical alternative to the
conventional filler polymers or polymer mixtures, which are the fiber of the modern
plastic industry. Unlike the traditional composites where the reinforcement is at
the micron level, PNCs are sampled with separate components at several nanome-
tres levels [96]. In recent years, it has been observed that the addition of the low
content of these nano-filler agents to the polymer may lead to improvements in the
mechanical, thermal barrier, and flammability characteristics without affecting their
machinability.

PNC:s are classified by the size of nano-filler agents. One-dimensional nano-fillers
are: plates, laminas, and/or shells; two-dimensional nano-fillers are in the form of
nanotube and nano-fibers that are smaller than 0.1 in diameter, and three-dimensional
nano-fillers are isodimensional nanoparticles such as nanometric silica [56].

In a PVC matrix, the capabilities of the interfaces stand out to transfer stresses
from matrix to fiber in the interaction of nano-filler. Theoretically, the composite’s
strength increases as the filler agent’s particle size reduction for a given particle
volume fraction. A smaller particle size with a higher surface area yields higher
strength by transferring more efficient stress [87, 88]. The matrix can completely
cover the filler agent surface under optimum particle loading, while the small particles
lead to good distribution and strong particle-matrix interaction [50].

As a result, interface control is critical to obtaining a good bond between the
inorganic filler and the polymer. The ratio of particle volume to interface volume
changes drastically in favor of interfaces with decreasing filler size (Fig. 2). The
emergence of new properties with nano—, meso— and micro-material interactions
will also be the subject of recent studies.
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Fig. 2 Schematic representation of the ratio particles/interfaces changes with the size of the
filler [71]
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3 Interaction of PVC Matrix with Organic Fillers

3.1 Interaction with Carbon-Based Fillers

In recent years, the addition of carbon-based nanofillers into PVC, such as graphite,
graphene (Gr), graphene oxide (GO), and carbon nanotube (CNT), is very frequently
referred to in the literature [4, 5, 68]. In general, the approach for obtaining nanocom-
posites is primarily based on generating a large interface between the nanosized
building blocks and the polymer matrix. However, this approach alone is not suffi-
cient. Improvement in the physical and chemical properties of the PVC nanocom-
posites with carbon-based fillers mostly depends on the components’ characteristics
like their composition, concentration orientation, and structure. The interfacial inter-
actions between the composite matrix and the filler are of prime importance in this
respect that characterizes the interphase [30, 101]. The interphase is the immobilized
polymer layer that covers the surface of the filler particles. Therefore, the effect of the
interphase is directly related to its homogeneity, the quantity of material used, and the
characteristics of the mixing components, particularly particle sizes. The influence of
the interphase can be insignificant for larger particle sizes due to their lower surface
areas to allow significant amounts of interphase to form. However, nanoparticles have
very large surface areas that can make up interphase of a substantial volume fraction
of the total composite. For that reason, while using nanoparticles, the composite
properties are determined by the interphase. Both the amount of material attached to
the interphase and the interaction resistance due to mixing can affect the properties
of the nanocomposites significantly [74].

In some cases, they use appropriate surface modifications when necessary,
resulting in good interfacial adhesion and leading to the success of developing new
nanocomposites. As a matter of fact, many of the distinctive features of the nanocom-
posites that high modulus of elasticity, high yield strength, low permeability, etc.,
are influenced mainly by the interphase. This part discusses the interactions of the
carbon-based fillers such as graphite, Gr, GO, and CNT with the PVC matrix.

As it is known, graphite comes from the Greek word graphein, which means to
write. Graphite can be seen in powder, flake-like, flat, fibrous, and spherical forms
with various particle sizes. Flake-like graphite consists of a thin layer less than
100 nm in thickness. Carbon atoms in graphite are arranged in hexagonal sheets, and
the distances between the two carbon atoms of each sheet’s hexagon are 1.42 A [5].
Carbon atoms are linked to each other by a covalent bond in these layers. In graphite,
each layer of the hexagonal sheet of carbon is connected by Van der Walls forces.

Another carbon product, graphene, was obtained more than a decade ago by
graphite exfoliation by Andre Geim and Konstantin Noholev. Then its synthesis
techniques, properties, and potential applications were investigated worldwide [70].
Graphene is known for its superior properties. It is considered two-dimensional
because it is only one atom thin and formed by the perfect arrangement of covalently
bonded carbon atoms in a hexagonal honeycomb lattice [30]. The carbon—carbon
bond length in graphene is 0.142 nm. Graphene has attracted a lot of interest owing to
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its lightweight, high young modulus (~1.100 GPa), high electron mobility at the room
temperature (250.000 cm?V-ls7h), high thermal conductivity (5000 W-m~ LK),
large specific surface areas (2630 m?-g~!), and good compatibility with polymers
[8, 51, 106]. In addition, it has also been used as a high-performance lubricant in
various regions due to its flexible graphitic layers, high strength, and atomically
smooth surface [97].

Graphene oxide (GO) is generally synthesized by Hummers, Staudenmaier, and
Brodie methods by the oxidation of natural graphite flake to various levels [5, 106].
Strong acids and oxidants are used for the oxidation of graphite. However, oxida-
tion levels of the graphite are related to graphite precursor, reaction conditions, and
method used. Oxidation, epoxide, hydroxyl groups, and the carboxylate of some
polar groups are linked with each layer. While carbonyl groups are placed near the
edges, other groups stay above and below of each graphene layer [5].

Carbon nanotubes (CNTs) are known for their unique properties such as thermal,
optical, and mechanical properties. Various methods that are widely used for the
synthesis of carbon nanotubes are laser ablation, arc-discharge, thermal chem-
ical vapor deposition, chemical vapor deposition (CVD), plasma-enhanced chem-
ical vapor deposition, and chemical vapor deposition with microwave plasma,
hydrothermal synthesis, solar oven and electrolysis method, etc. [67]. In CNTs
structures, atoms form hexagonal geometry, and atoms bond with each other by
planar sp? configuration (as in graphite plate). Carbon nanotubes can be of single-
layer (single-walled) or multi-layered (multi-walled). Single-walled nanotubes are
formed by one-layer cylinders of graphite, while multi-walled tubes are composed
of around 50 [1]. In short, a single-layer carbon nanotube can be described as a
form of graphite wrapped in a cylinder of the atomic plane resembling a honeycomb
without creating any defects. Despite their very thin structures, they are very strong
and rigid and can be used as excellent conductors if properly fabricated. Diameters
of carbon nanotubes can be in the order of nanometres and lengths of micrometres.
In multi-walled tubes, the distance between the two tubes is usually greater than
the bond distance between the carbon atoms forming the tube. In nested tubes, if the
distance between the walls of the tubes is small enough (0.15 nm) to allow the carbon
atoms to bond, the carbon atoms bond tetrahedrally by sp® configuration. In other
words, each carbon atom has four tetrahedrally bonded neighbors. The rods consist
of completely hollow or partially filled tubular structures. The flexibility of these
structures is less than the tubes; they also show different mechanical and electronic
properties than single-walled tubes [62].

Graphite enhances the multifunctional features of nanocomposites like thermal,
mechanical, electrical, and lubricating properties while in use as fillers due to its
sigma bond, delocalized pi bond, and Vander Waals forces between graphite sheets.
Addition of graphite filler into the PVC composites with conventional polymer
processing methods like compression and injection molding are known. The prop-
erties of the PVC/graphite composites depend on various parameters such as the
composition of the PVC and its production method, the structure of the graphite, and
interactions and level of dispersion in the polymer matrix [S]. Polymers are used as
insulators in the electrical industry due to their high specific electrical resistance. If
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electroconductivity is desired, the conductive fillers are added to the polymer matrix.
With electroconductive properties, nanocomposite materials are widely used in the
electronics field, particularly in power for electrical-conductivity, conductive adhe-
sives, electromagnetic interference shielding, conductive paints, gas and pressure
sensor [6, 65].

Other than graphite, the addition of carbon black has also been studied. It was
reported that carbon black with a high surface area improved the electrical current
percolation at lower concentrations due to a conductive network. Still, its weak inter-
actions and porous structure decreased the mechanical properties [65]. However, the
advantage of the addition of graphite is its good conductivity and its lubricating effect
in the melt. In some cases, the graphite is coated with some elements such as Cu. It
was found that the metalized graphite significantly increases the viscosity of compo-
sitions. For that matter, the compositions exhibit superior heat transfer characteristics
due to the strong adsorption interaction of the binding agent to the filler surface. The
use of more conductive copper-plated graphite makes it possible to create electrocon-
ductive polymer composites with high adhesive strengths [10, 64, 65]. The effects
of the graphite-filler on the PVC/styrene-acrylonitrile composites, in respect of elec-
trical, morphological, and hardness, were investigated. Analysis of the composites by
microscopy revealed the formation of a conduction network at the interfacial regions
in a well-dispersed graphite-polymer matrix. Improvement in conductivity and hard-
ness even at a very low filler loading was reported by Sachdev [77]. Graphite is
used as electronically conducting filler in various proportions to polyethylene oxide
(PEO)/PVC nanocomposites using the solution casting technique. It was noted that
the increase in filler loading increased the electrical conductivity. But, increasing
the amount of graphite also impaired the young modules and tensile strength of
the nanocomposites. 5 wt% of graphite loading was found to be adequate for that
matter, whereas its higher level of usage between 15-25 wt% caused agglomer-
ations [32]. To enhance the electrical conductivity of the PEO/PVC, the addition
of graphite together with FeCl; in PEO/PVC by solution casting method has been
found beneficial. As per the method described elsewhere [85], graphite and 6 wt%
FeCl; were mixed in toluene with stirring and then washed and dried for 5 h in an
oven at 60 °C. The FeCl; doped ground graphite powder was then blended with
the tetrahydrofuran (THF) solution of PEO/PVC and casted on a glass mould and
dried at room temperature. It was seen that electrical conductivity performance was
enhanced with addition of fillers however, it adversely effected the tensile strength of
the nanocomposite films. The THF blend of the sonicated dispersion of graphite in
N-methyl-2-pyrrolidinone (NMP) was also used as fillers for the PVC composites by
solution blending method. With this method, the uniform distribution and interaction
of graphite nanosheets and polymer increased Young’s modulus by 63%, and it also
increased the tensile strength by 19% [63]. The addition of graphite nanosheets into
the PVC matrix improves the electrically conductive of the nanocomposites. It also
increases the thermal stability, dielectric constant, and absorption of the magnetic
waves at microwave frequency [6].

Graphene/PVC nanocomposites possess very high elasticity modules, and
graphene addition to polymers improves the thermal, mechanical, and electrical
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properties of the nanocomposites [45]. The superior properties of the graphene doped
polymer matrix, such as strength and toughness, were due to the prevention of the
propagation of microcracks [97]. As a result, the mechanical and wear resistance of
the nanocomposites increases significantly. The synthesis method of graphene/PVC
nanocomposites is based on the solvent evaporation method. Tetrahydrofuran (THF)
is generally used as a solvent for PVC that forms thin polymer films (foils) and fibers.
The advantage of this method is the dispersion of nanoparticles in the solvent can
be enhanced by sonication. However, secondary aggregation of the nanofiller due
to solvent evaporation should be considered. A method such as mixing with molten
polymer and in situ polymerization is also used for the graphene/PVC nanocom-
posites [101]. The homogenous dispersion of the graphene filler into the PVC was
investigated by using various dispersants such as oleic acid, polysorbate 80, and
Curcuma longa L. rhizome. The improvement in dispersion stability and disaggre-
gation of the filler was observed with Curcuma longa L. rhizome [101]. Wang et al.
[98] studied the synthesis of the multi-layer graphene (MLG)/PVC composites by
using melt-mixing technics.

The improvement in mechanical properties was attributed to the uniform-
homogenous dispersion and interactions of the MLG and PVC. The interactions
and reinforcing mechanisms of MLG/PVC composites are shown in Fig. 3. It can
be noticed how the strong interactions between entangled PVC chains enhance the
mechanical strength and tensile modules. With the use of plasticizers, e.g., DOP
(dioctyl phthalate), the distance between PVC chains gets enlarged, weakening the
interactions between the polarized groups resulting in the decrease in mechanical
properties. However, when MLG added, the interaction between components and
the mobility of the PVC chains decreases. Owing to high structural integrity and low
surface energy of MLG, DOP molecules absorbed easily improving the compatibility
of the MLG and PVC matrix. The uniform dispersion and effective stress-transfer
among the components cause to enhance the tensile modules of the nanocomposites.

Graphene oxide (GO) is attracting researchers worldwide due to its exceptional
properties in various areas such as chemical sensors, composite materials, energy

(X< PVC chains o Plasticizer f Graphene
— P
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Fig. 3 Structural schematic of MLG/PVC composites a neat PVC, b soft PVC containing DOP
plasticizer, ¢ MLG/DOP/PVC composites (Reprinted with permission from ref. [98], Copyright
2015, Elsevier)
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storage, and optical and electrical devices. However, to exploit the structure and
physical properties of the carbon materials derived from graphite such as graphene,
GO, chemically reduced GO (CRGO) or thermally reduced GO (TRGO), or func-
tionalized graphene sheets (FGS), the degree of dispersion, orientation and interfa-
cial adhesion are very important for the manufacturing of polymer nanocomposites.
Various surface-modified functionalized GO of all allotropic modifications can be
developed with its functional groups. These functionalized GO sheets show strong
hydrophilic properties and easily disperse in water or other aqueous media to form
stable colloids. Due to its hydrophilic nature, GO sheets can only be distributed in
aqueous media, which is incompatible with organic polymers [19]. In the Hummers
method, the graphite is oxidized by potassium permanganate (KMnQO,) and sulfuric
acid (H,SQOy), while in Brodie and Staudenmaier’s method, the combination of potas-
sium chlorate (KC1O3) with nitric acid (HNO3) is used to oxidize graphite [106].
The use of GO as a filler in thermoplastics and the importance of its dispersion in a
polymer matrix, and interfacial interactions between the filler and polymeric matrix
are briefly discussed as follows. To improve its homogenous dispersion in the PVC
matrix, GO are functionalized. Thus, strong hydrogen-bonding interaction between
the PVC chain and hydroxyl, carboxyl and epoxy groups of GO sheets can be obtained
[5]. In studies by Li et al. [55], enhancement of the interfacial interaction of the PVC
and reduced graphene oxide (rGO) was achieved by hybridizing rGO with zinc oxide
(ZnO) nanoparticles. Synthesis of the rGO filled with ZnO nanoparticles (rGO-ZnO)
by one-pot chemical route was done by mixing GO and zinc nitrate (Zn(NO3),) in
water and adding sodium hydroxide and hydrazine hydrate. TEM, SEM, and XRD
methods analyzed the obtained rGO-ZnO hybrid. rGO-ZnO/PVC composites were
obtained by a simple solution mixing and drop-casting. Tensile strength, interfacial
tension, and glass transition data evaluated interfacial interaction between PVC and
rGO-ZnO. It was found that the ZnO nanoparticles acted as a bridge to connect PVC
via electrostatic attraction and hydrogen bonding linking rGO by a p—]] stacking/
electrostatic interaction. Significant enhancement in mechanical properties and glass
transition temperature was observed due to very strong interfacial interaction between
PVC and nanofillers.

In another report, the synthesis of GO reinforced PVC-waterborne castor alkyd
(WCA) nano-composites (PVC/WCA/GO) films via solution blending technique was
discussed. For the GO synthesis, the natural graphite and NaNO; were dissolved in
H,S0,, and then KMnO, was gradually added into this suspension as an oxidation
agent. The suspension was filtered and washed with a warm HCL solution. In the last
stage, it was filtered and dried. The obtained GO was then added to PVC/WCA using
the solution blending method. It was noted that the samples with proper dispersion in
the composite matrix showed significant improvement in tensile strength and elastic
modulus of the nanocomposite. 260 and 185% improvements in tensile strength
and elastic modulus were achieved by adding 0.5 wt% of GO compared to the neat
polymer [102]. GO reinforced PVC nanocomposites can be obtained by the colloidal
blending method too. Likewise, GO powder synthesized via the Hummers method is
also used in this method. Before preparing PVC/GO composites, GO was separately
dispersed in THF and sonicated. Then the mixture was sonicated for homogenous
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dispersion. Significant improvements in mechanical strength, thermal stability, and
electrical properties were observed due to the homogeneity of the nanocomposites
and their strong interactions between covalently bonded PVC matrix and GO [18].
Lee et al. [53] studied the synthesis of flexible PVC nanocomposites with fillers
of hyperbranched polyglycerol (HPG) with functional graphene oxide (HGO). The
production of the HGO via ring-opening polymerization of glycidol was seen in
Fig. 4.

GO was first obtained with Hummers method, treated with glycidol mixture,
and yielded HPG-grafted GO. Then, the hydroxyl groups were esterified by using
butyric anhydride. It was indicated that the hyperbranched polyglycerol (HPG) and
functionalized graphene oxide (HGO) caused uniform dispersion of the fillers and
resulted in strong interactions between the HGO and PVC [53]. In another work,
a significant improvement in mechanical properties of the PVC nanocomposites
was reported using various GO derivatives. Firstly GO, poly (methyl methacrylate)
(PMMA) grafted GO, polydopamine coated GO (rGO @PDA), reduced by dopamine
(rGO@PDA-g-PMMA) were synthesized by Hummers method and then blended
with PVC to form nanocomposites. Superior mechanical and thermal properties were
reported for the nanocomposite thus formed, and this was due to the homogenous
distribution and interfacial interactions of the fillers in the PVC matrix [36].

The effect of both multi and single-walled CNTs on the PVC matrix was also
discussed in the literature. Especially nowadays, CNTs have become one of the most
attractive materials in nanocomposites due to their properties such as high aspect

Improved
Hummer’s method

Graphite Graphene oxide (GO)

(1) glycidol
100°C,20 h
butyric anhydride
(2) butyric anhydride 100°C,20h
100°C, 20 h

HPG-functionalized GO (HGO) Butyl-terminated GO (BGO)

Fig. 4 Synthesis of HGO by Surface-initiated polymerization of Glycidol followed by esterification
with butyric anhydride (Reprinted with permission from [53], Copyright 2017, American Chemical
Society)
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ratio, low density, and high electrical conductivity with excellent mechanical and
thermal properties. Even using a very small amount of CNTs in the polymer matrix
provides very good mechanical strength and electrical conductivity of the composite
material compared to the conventional fillers. The CNTs-based nanocomposites are
being used in various areas such as field emission, electromagnetic interference
shielding, and actuators. Manufacturing CNT-based nanocomposites are difficult due
to the Van der Waals interactions between CNTs, hindering effective unbundling. As
a result, inhomogeneous dispersion of CNTs due to segregation adversely affects
the properties of the nanocomposites. The successful fabrication of CNTs based
nanocomposites depends on the high degree of dispersion of CNT in the main
polymer matrix. Since the carbon nanotubes tend to self-associate into microscale
aggregates, the surfactants such as sodium dodecyl sulfate, sodium dodecylbenzene
sulfonate, and N-methyl-2-pyrrolidone are used to make a uniform dispersion of
CNT in polymer matrix [57, 95]. Interfacial interactions can be maximized by chem-
ical modification of CNTs to disperse or to make them compatible with the various
polymer matrices. A synergy between the solvent and polymer was reported due to
the high solubility of the long alkyl-chain modified multiwalled carbon nanotubes
(MWNTs) and PVC in cyclohexane. The increase in thermal stability, conductivity,
and improved young modules was attributed to the modification of CNTs and cooper-
ative effects between solvent/polymer/CNTs [79]. The effects of the various amounts
of single wall carbon nanotubes (SWCNT) in PVC composites revealed improved
mechanical and thermal properties. The homogenous dispersion and interfacial adhe-
sion between the PVC/SWCNT matrix consist of 0.25-0.75 wt% of fillers, resulting
in increases in Young’s modulus, tensile strength, elongation to break, and tough-
ness. In composites including 1 wt% of the nanotubes agglomerated, decreases were
observed in mechanical properties due to agglomeration acting as stress concentrators
during the stress loading [105].

4 Interaction with Natural-Based Fillers

Synthetic fiber-reinforced polymer composites are widely used in high-performance
applications such as the aerospace and automotive industries due to their superior
mechanical properties and lightweight. However, their common usage can cause
major ecological problems if they are not adequately recycled [50]. These reasons
have led researchers to investigate using natural fibers as polymer reinforcements.
PVC is a well-known contaminant due to the release of harmful substances into the
atmosphere, such as hydrogen chloride and dioxins, during processing or decompo-
sition. The combination of PVC and natural fibers is an exciting alternative as natural
fibers are ‘ecologically friendly’ [13].

PVC composites made of natural fibers are preferred because of their low cost,
renewability, recyclability, biodegradability, corrosion resistance, thermal and elec-
trical insulation, and good mechanical properties [9, 40, 61]. Given the relatively low
impact resistance of the PVC matrix, however, it is more practical to develop impact



Possible Interaction of PVC with Micro-and Nano-fillers 347

Fig. 5 Classification of
natural fibers
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strength. Current studies on PVC/natural fiber composites have focused mainly on
the addition of impact regulators and the use of coupling agents to improve composite
characteristics [46]. Natural fibers may originate from animal wool, hair, silk, and
plant (wheat, hemp, sisal, jute, kenaf, coconut) or less used mineral origin [9, 13].
Figure 5 shows the classification of the natural filler agents [13].

The vegetable fibers are natural compounds made from cellulose, bonded to a
hemicellulose and lignin matrix. Lignin-rich fibers (e.g., coir fiber, kenaf) are flexible
and have high deformation [23]. Cellulose-rich fibers (e.g., banana, pineapple leaves,
rice husk, potato peel, and canola straw) are used as fillers for high-performance
materials [90]. Stalk fiber is obtained from the straw of cultivated plants, such as
wheat, oat, maize, barley, or rape [7]. Stalk fiber and straw improve the strength of
PVC composites without increasing their weight [12, 58]. Kenaf Hibiscus cannabinus
is a plant known as deccan hemp and java jute from the Malvaceae family. Kenaf is
one of the allied fibers of jute and displays similar characteristics. Jute is a bast fiber
obtained from the trunk stripes of Corchorus species plants. Jute fibers have good
mechanical properties, such as high tensile strength and thermal/insulating properties
[75].

Sisal fibers are obtained from the leaves of the sisal plant. Sisal fibers are compli-
cated and have arough texture. Gomuti fibers are usually black and stiff fibers. Arenga
is obtained from the sugar palm tree. Hemp and jute fibers have a thinner texture
and a smaller diameter than coir, gomuti, and sisal [93]. Reinforcing kenaf, jute,
and sisal fibers into the PVC matrix improves its mechanical properties [2, 20, 47].
Bamboo is an essential source of forest that grows abundantly in many tropical and
subtropical regions, particularly in Asia. It has easy machinability with fast growth,
high strength, and surface hardness. Thus, PVC/Bamboo composites are widely used
in furniture production and construction materials [72]. Around 2000 different plant
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fibers are used in various applications, including composite [14]. The physical and
mechanical properties of some of these fibers are given in Table 1.

The natural fiber structurally contains cellulose, hemicellulose, lignin, pectin, and
wax materials [69]. The plant fiber (Fig. 6) wall consists of three main layers: middle
lamella (lumen) and primary and secondary walls (PW, SW1, SW2) [21, 52]. The
middle lamella connects the single fibers as the fiber bundle. Therefore, extraction
processes can separate single fibers from fibers. In-plant fiber, the S2 layer is the part
that determines the longitudinal mechanical properties. The helical structure of long
cellulose chains makes up most of the microfibrils. Amorphous regions composed
of lignin and hemicellulose are packed with cellulose chains. Microfibrils have a
diameter of 10—30 nm [69].

A high aspect ratio (length/width) in cellulose-based fiber composites is very
important, indicating potential strength properties. Continuous fibers have a high

Table 1 Mechanical and physical properties of several natural fibers [13, 40, 41, 50, 66, 92]

Fiber Diameter of | Length of | Density Tensile Young’s | Chemical
fiber (Lm) fiber (mm) (gr~cm_3) strength module treatment
(MPa) (GPa)

PVC — — 1.35 48 33 -

Cotton 12-35 15-56 1.5-1.6 287-800 5.5-12.6 | Silane

Coir 6.8-13.6 20-100 1.15 131-175 4-6 Alkaline

Flax 5-38 10-65 1.5 345-1035 |27.6 Silane, MMA

Hemp 10-51 5-55 1.47 690 70 Silane,
trimethoxy
silane

Jute 5-25 0.8-6 1.3 393-773 26.5 Alkali benzoyl
chloride

Kenaf 12-36 1.4-11 1.4 930 53 Alkaline,
PMPPIC

Sisal 747 0.8-8 1.33-1.5 363-700 9.0-38 Alkaline,
stearic acid

Pineapple | 20-30 3-9 0.8-1.6 180-1627 | 34-82 NaOH, KOH

Leaf

Ramie 18-80 40-250 1-1.55 400-1000 |44-128 NaOH, NaOH
silane

Soft wood |33 33 1.5 600-1020 | 18-48 Titanate,
polyurethane,
Hydroxide,
chitin, chitosan

Bamboo 14 2.7 0.91 503 3591 Sodium
bisulfate,
sodium
hydroxide,
sodium silicate
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T Lumen

Fig. 6 Schematic representation of plant fiber structure: primary Wall, middle lamella, lumen, S1-
external secondary wall, S2-middle secondary wall, and S3-internal secondary Wall (derivated from
refs [52, 69])

aspectratio and provide the composite with good strength properties. Low aspectratio
discontinuous fibers are suitable for complex parts and large-scale production [21].

Natural fibers are inherently hydrophilic, poorly resistant to moisture, and incom-
patible with the hydrophobic PVC matrix [40]. The incompatibility of natural fibers
results in a weak fiber/matrix interface leading to a decrease in the mechanical proper-
ties of the composites. Reinforcing natural hydrophilic fibers in the PVC matrix leads
to a heterogeneous system with lower properties due to poor fiber-matrix adhesion.
Because of the cellulose and lignin hydroxyl (OH) groups found in the structure of
natural fibers, these fibers have a good potential for chemical treatment. -OH group’s
reaction can alter the surface energy and polarity of natural fibers [52]. Chemical
treatment of fibers or surface modification improves fiber and matrix adhesion, which
is critical in developing further composites.

Fiber modification may be alkali, silane, acetylation, benzoylation, acylation
and acrylonitrile grafting, malleated coupling agents, permanganate, peroxide,
isocyanate, stearic acid, sodium chlorite, triazine, fatty acid derivate (oleoyl chloride)
and fungal, etc. [92]. Additionally, as an alternative coating technique, plasma surface
treatment and plasma polymerization were used mainly for the surface modification
of fibers [86]. Various coupling agents used are titanate, silane, betaine, malleated
PP (MAPP)]; compatibilizer, for example, polypropylene-grafted-maleic anhydride
(PP-g-MAH), maleic anhydride; and surface modifier usages such as stearate, stearic
acid, [11]. As aresult, adhesive strength determines the effectiveness of stress transfer
between PVC and filler materials. These processes have improved homogeneity, and
as a result, the distribution of the particles has improved to provide a better bond
between the fillers and the matrix.

Alkali or mercerization treatment is one of the standard chemical treatment
methods applied to natural fibers to strengthen the thermoplastic PVC matrix, which
removes certain amounts of wax, oil, and lignite covering the outer surface of the cell
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wall [22]. Also, alkali treatment is cheaper than other chemical treatment methods.
Upon alkali treatment, the crystallinity of Cellulose increases, and the impurities and
swelling decrease in wood fiber, resulting in a smaller number of -OH groups [42].

If it is looked at binding agents and surface modification in natural fillers, we can
see that they increase the cross-bonding rating. It has been reported that the tensile
strength of PVC reinforced with cellulosic fibers (wood pulp) decreases with the use
of untreated fibers, whereas the strength of the composite increases by 51% with
the wood pulp reinforcement developed with silane. The PVC/ sawdust composite
study with three different silane agents revealed enhanced mechanical properties
compared to untreated composites [46]. This is because the silane is a dispersion
agent. The titanate and aluminate coupling agents (ACAs) are improving interface
compatibility and enhancing the mechanical properties of WPC. In this case, the
effect of the aluminate is weak, and the effect of the titanate is apparent [54]. Adding
up to 7% lignin as a bonding agent in PVC/rice straw composite enhanced its tensile
strength and reduced the weight gain percent and the swelling. The main reasons
behind these trends were the binding of hydrophobic lignin to the hydroxy surface of
lignocellulose materials, improvement in the bonding between rice straw particles,
and the reduction of gap content [46].

Strong interface adhesion between PVC and amino groups containing chlorine
on the WF (Wood filler) surface is encountered, resulting in significant increases in
the mechanical properties of composites [82]. The properties of PVC matrix natural
fillers composites depend on removing non-cellulose components from the fiber
surface and forming a clean and rough surface for better interface adhesion [38].
Coupling agents or compatibilizers are used to promote the bonding of functional
groups to enhance interface adhesion binding between fiber/matrix [104]. The studies
have also revealed that reduced fiber hydrophilic ability and polarity increase the
angle of contact with water, but vice versa for fluids without polar [84]. Samajpati
and Sengupta [80] investigated the wettability of five plant fibers on different polymer
matrices. Finally, he found that fiber/matrix wettability is governed by the physical
and chemical properties of the fiber surface and polymer surface tension. Conse-
quently, the classic contact angle method plays an informative role in wettability and
interface adhesion.

5 Interaction of PVC Matrix with Inorganic Fillers

5.1 Minerals and Metal Oxide Fillers

Good modulus, strength, rigidity, durability, hardness, and particularly low-price
composites have been obtained by adding mineral nano-fillers to the PVC matrix
[94]. Mineral fillers that are frequently used in PVC matrix are mineral clays such as
montmorillonite (MMT), sodium montmorillonite (NaMMT), organophilic mont-
morillonite (0MMT), other mineral clays such as laponite, bentonite, hectorite,
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kaolinite, and halloysite, mica, vermiculite (a similar mineral), calcium carbonate,
CaCOs-silica, talc-layered double hydroxides (LDHs) [24].

It is available in two crystal forms: Calcium carbonate (CaCOs), calcite (thom-
bohedral), and aragonite (orthorhombic) [35]. Calcium carbonates are mainly used
along with polyvinyl chloride (PVC) for their hydrophobic character. Nanosized
calcium carbonate and silica filler improve toughness, electrical properties, heat
resistance, radiation resistance, and other properties in the matrix and reduce the
cost of composites [87, 88]. Talcs are alumina silicates. They are usually reinforced
into the PVC matrix with CaCos;. Bentonite, a form of montmorillonite clay, is a mono
aluminum layer consisting of an octagonal plate inserted between two layers of sili-
cone and tetrahedral plates [103]. Many researchers have studied the reinforcement
of bentonite and derivative clay minerals to develop thermal, mechanical, and flame
retardant features in a PVC matrix [33, 43]. Also, montmorillonite and organophilic
montmorillonite are reinforcing elements frequently used in PVC matrix. These clays
are added in different morphologies from micro to nano levels as aggregated, interca-
lated, and exfoliated in the matrix [15]. In the aggregated structure, clay tactoids are
well dispersed in the polymer matrix, but single clay layers are not delaminated. In the
Intercalated structure, clay tactoids exhibit delamination to a certain degree. There-
fore, polymer chains may diffuse into the galleries between them. In the exfoliated
structure, clay tactoids are completely decomposed apart into single layers that are
homogeneously distributed in the matrix [89]. In particular, exfoliation structures are
preferred for storage modulus, increased tensile and flexural properties, heat distor-
tion temperature, decrease in gas permeability, and unique properties [27]. Mica is
aluminum silicate in terms of chemical composition. It can also contain Al, Si, K,
Mg, and Li elements. They are also called as potassium, magnesium and lithium
mica when compared to other elements. Mica is used as filler to improve Young’s
modulus, hardness and dielectric properties of some polymeric materials, including
PVC. Silica (Si0O,) is preferred in a PVC composite material as it is fuel efficiency,
dielectric properties, improvement of mechanical properties, and resistance to heat
and moisture [35].

Metal oxides are another group of fillers that are reinforced with PVC polymers.
These reinforcements are used to prevent thermal degradation of PVC in particular
[31]. Zinc oxide is a white pigment with a UV barrier, providing good electrical
conductivity and high heat resistance to the resins. The addition of metal oxide in
PVC, such as ZnO particles, was preferred as ZnO particles strongly interact with
PVC chains resulting in mechanical improvement [55]. Furthermore, the nanosized
ZnO stands out in improving PVC’s structural, optical, and thermal properties [59].
Titanium dioxide is a white pigment that enhances the UV barrier and provides aging,
water, and heat resistance. Titanium dioxide is primarily used in thermoplastics and
unsaturated polyesters [35]. The addition of TiO; into a polymer may significantly
affect the polymer’s electrical, optical, and photocatalytic properties. It is anticipated
that it will be one of a wide range of technological applications in the future as a
nanocomposite [59].

Magnesium oxide (MgO) increases polymer resins’ strength, creep resistance,
and thermal conductivity. Today, ceramics such as alumina and silicon oxide are
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widely used in many engineering applications such as automotive, electronics, and
aerospace. Among these ceramics, alumina or aluminum oxide (Al,O3) at various
purity levels is one of the most cost-effective materials in the engineering ceramics
family due to several desirable properties, such as excellent hardness and abrasion
resistance good dielectric properties. It also has good acid resistance and the resis-
tance to alkali attack at high temperatures and high thermal conductivity, providing
benefits in PVC micro and nanocomposites in particular. In the polymer, beryllium
oxide was used as microspheres. It was determined that the electrical and thermal
conductivities of the polymer have increased [35].

The interface interaction of PVC/mineral fillers and their effect on the perfor-
mance of polymer nanocomposites are affected by four factors. These factors are
the properties of the components, the composition, the structure, and the interface
interactions. In Fig. 7, the formation of a surface layer of varying thickness, different
from the matrix, is schematized due to the adsorption interaction of the polymer
with the solid surface. In this case, the interaction of polymeric molecules with a
solid surface should lead to a redistribution of intermolecular bonds at the surface or
transition layer and the formation of new physical junctions in the physical network.

The effect of the interphase depends on the amount and properties of the inter-
phase. This is why nano-fillers stand out. This is since their interactions in the matrix
are only atomic in places. However, nanoparticles often have issues with homoge-
nous dispersion, which means that the large surface area expected of them is not
always achieved. The conditions of interface interaction between the matrix and
fillers determine the free surface energy of the filler agent and the ratio between the
filler and the matrix. These materials are divided into two groups high surface energy
(metals, oxides, and other inorganic materials) or low surface energies (polymers,
organic compounds) [44].

PVC polymers have acidic qualities and may interact with fillers with basic prop-
erties (SiO,, CaCO, mineral, etc.). If there is no special interaction at the phase
boundary, the thermodynamic adhesion work is determined by the phase’s thermo-
dynamic cohesion work, which has lower cohesion energy. In this case, the adhesion
can be improved by boosting the polymer cohesion strength. The surface is the
simplest way to alter interface interactions. For this purpose, the surface should have
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interaction of fillers with each other and matrix-filler agent interaction. Agglomera-
tion refers to the interaction of the filler agents with one another, and when the size
shrinks, agglomeration becomes simpler [60]. PVC mineral matrix is supplied by
interface development modifiers (coupling agents, surfactant, etc.) in composites,
and these modifiers can be selected based on the composition of the components.
Coating the surface of filler agents with a low molecular weight organic compound
is the oldest and most used modification. Amphoteric surfactants are generally used
with one or more polar groups and a long aliphatic chain. The surface treatment of
CaCOj; with stearic acid is a typical example [74].

The principle of the process is the preferential adsorption of the polar group of
the surfactant on the surface of the fillers. High-energy surfaces of inorganic fillers
are usually able to interact mainly with the polar group of the surfactant. Reactive
surface treatment assumes that the coupling agent undergoes a chemical reaction
with both components. However, coupling agents are considerably more complex
than non-reactive agents; the coupling agent polymerization makes the development
of chemically bonded and physisorbed layers difficult to define surface chemistry,
characterize the interlayer and optimize the operation. Mica, silicate, CaCOs3, and
Mg(OH); fillers are examples of fillers and reinforcements that contain reactive OH
groups on their surface and have been effectively employed with silane coupling
agents [39, 60]. Natural bentonite is considered a hydrophilic agent. Therefore, it is
incompatible with organic compounds like polymers and plastics. It may be converted
into organo clay and hydrophobic by employing quaternary ammonium, a nitrogen-
containing surfactant [28]. Figure 8 shows the modified clay and its incorporation
into the polymer.

The surface of metal oxide NPs can be modified using physicochemical interac-
tions between the NPs and the modifiers. The matrix can occur through a combi-
nation of different mechanisms in the material, such as the distribution of metal or
metal oxides, complexation/chelation, electrostatic interactions, and precipitation or
reduction reactions. The parameters that control the nature of the nanostructured
metal oxide/polymer composite are (i) the nature of the functional polymer, (ii) the
type of nanoparticle precursor, (iii) the reaction that forms nanoparticles, and (iv)
the composition of the metal and metal oxide nanoparticles [81].

Enhancement in
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Intercalation of modified
clay with polymer forming
polymer nanocomposites
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Exfoliated modified clay

Fig. 8 Schematic diagram showing clay modification and intercalation of polymer to form polymer
nanocomposites (Reprinted with permission from ref [48], Copyright 2015, Elsevier)
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The modifiers have weak van der Waals forces or hydrogen bonds on the NP
surface in the physical modification approach. Recently, surface modification of NPs
such as TiO,, Fe, 03, Al,O3_and Al,O3-CuO has been done using surfactants. Chem-
ical surface modification is an effective method to improve nanomaterial surface
properties. This technique is based on the covalent bond between the modifier and the
NP surface. Various coupling agents, Thiols, amines, organophosphorus molecules,
carboxylic acids, polymers, and silanes have improved NP dispersion in various
media [3]. The behavior of treated and untreated nanoparticles in the composite
varies under operating conditions. When the nanocomposite is subjected to mechan-
ical stresses, a stress concentration appears around it. Cavitation (voids) occurs at the
polymer/nanoparticle interface in unmodified/uncoated particles. Surface coating of
nanoparticles with terminal alkyl groups causes cavitation to occur at higher stresses
due to the high interfacial adhesion achieved by increasing the adhesion work and
the interfacial surface area [34].

Consequently, the interaction of polymeric molecules with a solid surface
(including the polymeric one) should result in a redistribution of intermolecular
bonds on the surface or in the transition layer and the formation of additional physical
joints on the physical network [44].
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