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Poly(vinyl chloride) is one of the major thermoplastics beside other commodities polymers like polyethylene and polystyrene.
However, some of its main characteristics such as plasticity, thermal and photo stability are inferior to other commodity polymers.
Adding nano scale inorganic fillers to poly(vinyl chloride) or other polymers in view to obtain polymer nanocomposites with
superior properties has drawn the attention of many researchers in the last decades. Poly(vinyl chloride) nanocomposites are
obtained mainly by in situ polymerization, solution based or mixing techniques. The resulting products show improvement of most
important properties of poly(vinyl chloride) such as thermal, mechanical, rheological, flammability, antibacterial, etc. This paper
presents preparation ways of poly(vinyl chloride) nanocomposites using different nano fillers and the improved properties compared
with those of virgin poly(vinyl chloride).
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1 Introduction

Poly(vinyl chloride) (PVC) is one of the major thermoplas-
tics with low production cost, as well as good insulation
performance, chemical and fire resistance; it is widely used
in different fields. It ranks second among the most used
thermoplastics and is considered the most versatile macro-
molecular compound. Its versatility arises from its suitabil-
ity to a variety of transformations. Its main drawback is
the low thermal stability that leads to discoloration due to
the formation of conjugated polyene sequences.
The addition of mineral nano fillers to organic macro-

molecular compounds including PVC, has resulted in poly-
mer nanocomposites characterized by light weight and low
cost due to low amount of filler necessary and improved
properties (1–5).
Generally the following nano fillers are often used:
- montmorillonite (MMT) both in its natural form as

sodium montmorillonite (NaCMMT) and as organo modi-
fied named also organofilic (oMMT)
- other mineral clays like laponite, bentonite, hectorite,

kaolinite, halloysite (6–8)
- calcium carbonate, CaCO3

- silica, talc
- layered double hydroxides (LDHs)

- carbon nanotubes (CNT)
- mica, vermiculite (mineral similar to mica)
- combination of different fillers (9–11)
A low amount of nano filler dispersed in the polymer

matrix can lead to a very high surface of interaction. So,
depending on it, we are able to obtain different nano struc-
tures of polymer-nano filler composites:
- Intercalated nanocomposites which are obtained by the

insertion of polymer macromolecules between the filler
layers.
- Exfoliated nanocomposites; in this case the individual

layers of the filler are totally delaminated and dispersed in
a continuous polymer matrix.
- Intermediate polymer nanocomposites. These are par-

tially intercalated and partially exfoliated.
To produce polymer nanocomposites intercalated or

exfoliated, many techniques are available, such as: in situ
polymerization, solution dispersion and melt mixing.
The kind and the amount of nano filler and the prepara-

tion technique affect the main properties of polymer nano-
composites through the delamination and exfoliation
levels.

2 Preparation of PVC Nanocomposites

2.1 In Situ Polymerization

In the presence of layered double hydroxide intercalated
with sulfate anions (LDH-DS), the vinyl chloride (VC)
suspension polymerization was conducted. The study
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based on transmission electron microscopy (TEM) showed
that these nano filler particles were partially intercalated
and partially exfoliated and well distributed in PVC (12).
Hydrotalcite (HT) nano particles were also used by the
same authors in the suspension polymerization of VC. The
surface of this nano filler was modified with alkyl phos-
phate (AP). The properties of the obtained PVC nanocom-
posites were investigated (13).
Other researchers have used in the VC suspension poly-

merization oMMT (14.) or nano CaCO3 (15).
VC was also used in copolymerization processes in view

to obtain copolymer nanocomposites. Poly(VC-co-vinyl
acetate VAc-co-maleic anhydride MA) nanocomposites
were prepared by suspension radical copolymerization in
the presence of fumed silica premodified with y-methyla-
cryloxypropyl trimethoxy silane. The study proved that
the main copolymer properties were significantly enhanced
(16).
To obtain via in situ polymerization PVC6 oMMT nano-

composites with average particle size of 150 mm 0.2–7.5
mass fraction (%) oMMT was used (17).

2.2 Solution Technique

Organic solvents such as tetrahydrofuran (THF), dime-
thylformamide (DMF), dioctylphthalate (DOP) and other
are often used to prepare PVC nanocomposites.
In a typical synthesis chlorotrimethylsilane (TMCS),

functionalized SiO2 nanoparticles and PVC were ultrasoni-
cally dispersed in THF followed by the addition of mer-
captopropyl trimetoxy silane and stirred magnetically.
The coating obtained after the evaporation of THF shows
stability in a wide pH range and can be applied to different
metal surfaces to prevent corrosion (18). In the same sol-
vent, by using titanosilicate nano filler, a transparent film
of PVC nanocomposite was obtained (19). In another
research, casting films based on PVC6 multi-wall carbon
nano tube (MWCNT), using the nano filler in different
concentrations (0.05, 0.005 and 0.0005 wt%) were pro-
duced (20).
Cadmium doped zinc oxide (Cd0.5Zn0.5O) nano powder

with uniform particle size of around 10 nm dispersed in
methanol was mixed with PVC solution in THF. The
nanocomposites PVC6 Cd0.5Zn0.5O) films are highly trans-
parent and show high UV shielding efficiency (21).
A PVC in THF solution was added to MgAl layered

double hydroxide lauryl ether phosphate (LDH-PK) sus-
pension. The mixture was poured in ethanol for rapid pre-
cipitation in order to avoid aggregation of LDH platelets.
It is considered a novel exfoliation re-staking technique
using the LDH-PK (22).
PVC- DOP (a plastisol technique at 150�C), with

MWCNT (20–80 nm in diameter), heat expanded graphite
and diamond nano powder in amounts of 0.01 up to
0.08 wt% PVC were used in another study. It was found

that such small amounts of nano fillers are able to increase
the strength and elasticity of PVC (23).
The influence of adding nano clay (NaCMMT and

oMMT) on the plastisol micro suspension PVC6 diiso-
nonyl phthalate was the object of another study (24). Poly-
aniline modified TiO2 (PANI-TiO2) nano particles (1-
5 wt%) were used for obtaining PVC nanocomposites via
solution blending. Due to filler particles good dispersion
they are able to improve the interfacial adhesion between
the nanocomposite components (25).
Plastisol technique was applied also in a research where

epoxidized Ceylon iron wood (Mesua ferrera L.) seed oil
was used as a plasticizer for PVC. Nanocomposites were
obtained through ex-situ technique using epoxidized oil-
swelled oMMT (5 wt%) and PVC. Important improve-
ment in thermal and processing characteristics of the nano-
composites was established over those of virgin PVC as
studied by thermogravimetric analysis (TGA). Isothermal
tests at different temperatures reveal sufficient stability of
the new nanocomposites as confirmed by TGA and Four-
ier transform infra red analysis (FTIR) (26).
Nanocomposites made of PVC plastisol and carbam-

ide organo clays show high physical mechanical proper-
ties, as well as reduced toxic smoke emission while
burning (27).
In a study graphene oxide (Go) was dissolved in

dimethyl formamide (DMF) and PVC was added to the
obtained solution. The nanocomposite (with 5 wt% Go)
was coagulated and abundantly washed with methanol
and dried. It presented improved thermal and mechanical
properties compared to PVC (11).
A PVC suspension in DOP was mixed with 5–10 wt%

NaCcloisite and two other organo modified cloisite. The
modifiers contribute to lower the surface energy of the sili-
cate layers and enhanced the miscibility between PVC and
the filler (28).

2.3 Mixing Technique

Haake torque rheometer, mono screw extruder, twin screw
extruder, microcompounder and other equipments are
used for the preparation of PVC nanocomposites with dif-
ferent nano fillers by mixing technique.
The effect of SiO2 particle size on the fusion and rheo-

logical behavior of PVC composites prepared in a Haak
torque rheometer were investigated. Scanning electron
microscopy (SEM) micrographs showed that some aggre-
gates were formed when the filler particles were 25 nm.
But the thermal degradation onset temperature was shifted
to lower temperature with decreasing the SiO2 particle size
(29).
By using the melt mixing process, nano SiO2 into

the plasticized PVC is able to increase mechanical prop-
erties. Nanoparticles (SiO2, TiO2) filled anti-static PVC
was prepared by mixing with di-butyl phthalate and an
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antistatic plasticizer containing bis(2(-methoxyethoxy)-
ethyl) phthalate doped with sodium perchlorate. The
obtained PVC nanocomposites showed good thermal
stability and processibility and a decrease of the surface
resistivity (30). SiO2 having particles of different dimen-
sions was used for PVC micro and nanocomposites pre-
pared in a Haake torque rheometer. It was found that
the fusion time and fusion temperature of the compo-
sites decreased with the decreasing of SiO2 particle size
(31).
PVC nanocomposites with CaCO3 nano filler were

obtained by in situ coupling with titanate using a twin-
screw extruder (32).
A conducting mixture of graphite nano sheets and Ni

particles in 806 20 wt% ratio was added to PVC powder
and mixed for 30 min to obtain a dry blend. The linear
behavior of the electrical resistivity of pressed nanocompo-
site as a function of the applied pressure demonstrates the
potential of PVC 6 graphite-Ni composites as pressure sen-
sitive products (33).
PVC, additives and various amounts of oMMT were

first dry mixed and then melt blended in a Haake rheome-
ter. The study found that the oMMT layers were basically
exfoliated or exhibited intercalation morphology depend-
ing on the organic modifier. Compared to that of pristine
PVC, the stiffness and impact strength of the nanocompo-
sites were improved when the amount of oMMT was in
the range of 0.5–3 wt%. Even the introduction of a small
amount of oMMT led to an improvement of thermal sta-
bility and a slight increase of glass transition temperature
(Tg) (34). PVC nanocomposites with NaCMMT and
oMMT have also been prepared by melt processing using
mixing of the components and extrusion. The differential
scanning calorimetry (DSC) with stochastic temperature
modulation results shows that Tg of PVC is higher than
the Tg of PVC6 NaCMMT and PVC 6 oMMT. Such data
indicate that MMT plays the role of an internal plasticizer
able to increase the distance between PVC macromolecules
(35). NaCMMT intercalated with different alkyl-amines
was melt mixed in a KO-Kneader with PVC in view to
determine the applicability of these modifiers with differ-
ent chain length on the properties of PVC nanocomposites
(36).
oMMT obtained after treatment with different chelat-

ing agents such as poly(ethylene glycol), propylene gly-
col, monooctadecanoate and palm oil was added to PVC
during mixing in a microcompounder. The master batch
concept turned out to be promising in terms of dispersion
and delamination of clay (37). PVC nanocomposites with
5 wt% MMT were prepared on a two-roll mill or in a
microcompounder. MMT was treated with non-ionic sur-
factants. The research has used for analyzing the nano-
composites, SEM, TEM and equipment for some
mechanical tests. The dispersion of the nano filler was
found to be the best in the roll milled composites pre-
pared via the masterbatch; some mechanical properties

like elongation at break and impact strength were also
better, but Young’s modulus and tensile strength were
much better for the microcompounded nanocomposites
(38, 39).
Ammonium cations have a great influence on the hybrid

prepared by melting, while they have no obvious effect on
the nanostructures of the composites produced via in situ
polymerization due to its distinctive mechanism (40).
Applying DSC to a PVC6 bentonite nanocomposite pre-

pared by mixing the components showed the existence of a
single higher Tg in comparison with that of pristine PVC.
The dispersion and interfacial compatibility of PVC-ben-
tonite was characterized by SEM (4l).
Some oxide nano fillers such as Al2O3, TiO2, CuO and

CaCO3 are also used in some nanocomposites studies.
Nano Al2O3 modified with a silane coupling agent was
melt blended with PVC. The SEM data demonstrated that
the nano filler was dispersed uniformly in the PVC matrix.
Some essential mechanical properties were improved (42).
TiO2 nano rods and nano powder were melt blended with
PVC powder to produce PVC nanocomposites. The inter-
facial adhesion between TiO2 nano rods and PVC matrix
was investigated. The nano rods presence improved the
photo stability and mechanical properties of PVC (43).
Nano CaCO3 was modified with poly (acrylic acid)

(PAA) and the terpolymer poly (butadiene-co-acrylonitrile
-co-acrylic acid) (PBAA).In a first step stabilizer 6 lubricant
was added to PVC powder. This compound was mixed to
prepare the dry blend. In a second step the dry blend was
processed in an internal mixture. The influence of CaCO3

nano filler and of the surface modifiers on the thermal and
mechanical properties were studied (44).
To produce nanocomposite according to a patent, PVC

powder is mixed with an impact modifier, a stabilizer and
a nano filler selected from CNT, CuO and Al2O3 (45).

3 Properties

The addition of nano fillers to PVC is able to improve
many of these polymer properties like thermal, mechani-
cal, electrical, rheological, antibacterial, flammability, bar-
rier, photo stability, etc.

3.1 Thermal Properties

PVC nanocomposites have been prepared using both hec-
torite and bentonite based organically modified clays. The
modification was done with tallow-triethanol ammonium
ion. TGA, DSC and DMA were used for this research.
Thermal stability of the PVC nanocomposite was assessed
using a standard thermal process evaluating the evolution
of HCl and by color development through the yellowness
index (46). Organophilic MMT contributes to the shifting
of thermal degradation towards higher temperatures
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compared to chemically untreated clay (47).The heat dis-
tortion temperature (HDT) and the Vicat softening tem-
perature (VST) of PVC6 halloysite nanotubes (HNT)
increase with increasing HNTs content. The PVC6 HNTs
nanocomposites are also characterized by a reduction in
smoke production rate, the total smoke production and
the peak heat release rate (PHRR) (7).
The loading of PVC by single-walled carbon nanotubes

(SWCNTs) increases the Tg demonstrating the interaction
between macromolecular chains and nano filler (48). PVC
nanocomposites with different tacticity with alkyl-modi-
fied multiwalled nanotubes (eMWNTs) were studied. The
authors found that the improvements in the thermal stabil-
ity of nanocomposites of more isotactic PVC samples
arises from the formation of halogen bonding between car-
boxylic groups in eMWNTs with chlorine atoms at isotac-
tic conformations that inhibits the initiation stage of the
degradation (49).
Effects of Ag nano particles on thermal properties of

dodecylbenzenesulfonic acid -doped polyaniline (PAND) 6
PVC blends have been investigated by TGA and heat flow
micro calorimetry methods. It has been established that
the thermal stability increased in such nanocomposites by
increasing the amount of PAND (50).
Many other studies found the increase of PVC thermal

stability by adding different nano fillers (14, 38, 51–56).
PVC nanocomposites were prepared also by melt blending
of the polymer with an organically modified clay, both in
the presence and absence of DOP. Thermal properties
were evaluated by using TGA and the thermal stability
was determined to be variable depending upon the amount
of DOP and nanofiller. The fraction of PVC nanocompo-
sites that remained at 600�C was significantly reduced,
indicating that the filler had an effect on the course of the
polymer degradation process (57).

3.2 Mechanical Properties

PVC is mostly amorphous due to its atactic configuration.
Its hard form can withstand a tensile stress in the order of
46–52 MPa before yielding, while the soft form can elon-
gate up to 60% before breaking. These and other charac-
teristics make this polymer a very suitable matrix for
producing nanocomposites with improved mechanical
properties.
Such properties and morphology of PVC6 polyhedral

oligomeric silsesquioxanes containing octyl groups
(o-POSS) nanocomposites were studied. Their impact
strength can increase 8 kJ 6 m2 when o-POSS amount is
1.5 wt%. This nano filler at low amount can be used as an
impact additive for PVC (58). It was found that the addi-
tion of nano silica in a certain quantity to the plasticized
PVC by melt mixing technique results in the increase in
the Young’s modulus and tear strength, and the decrease
in the tensile strength and elongation at break (59).

The notched impact, tensile, flexural strength and flex-
ural modulus of PVC 6 halloysite nanotubes (HNTs) nano-
composites were remarkably increased compared with
those of PVC (60). The tensile mechanical properties of
PVC6 Al2O3 were studied, mainly the stress-strain curves
at different temperatures. The Young’s modulus was cal-
culated and found to decrease with increasing both filler
loading and temperature. The complex viscosity as well as
the storage modulus were found to decrease with increas-
ing the nano filler loadings at different frequencies. The
relaxation time was found to be independent on the con-
centration of the nano filler loadings at different frequen-
cies (61). PVC 6 MMT nanocomposites with varying clay
contents have been studied for their morphology and ten-
sile properties. Young’s modulus and stress at yield point
initially increase with the amount of clay but later start
decreasing with further clay loading. The maximum
increase of these mechanical characteristics has been
observed in PVC nanocomposites with 2.5% clay content
(62). The influence of Eurycoma longifolia (EL) 6 MMT
hybrid fillers loading on the mechanical properties of PVC
has been investigated. The incorporation of EL fibre only
into PVC improved its flexural modulus and tensile
strength of PVC, whereas the tensile strength and impact
strength decreased with increasing EL content. The addi-
tion of MMT significantly increased the flexural modulus
and tensile modulus of PVC hybrid composite compared
with PVC, but has decreased the flexural and impact
strength (63).
TiO2 nano rods and nano powder proved to improve the

mechanical properties of PVC (64, 65).

3.3 Other Properties

Some composites generally have a wide absorption band-
width and low reflection loss. In a research La (NO3)3 –
doped MWCNTs was used as absorber and PVC as
matrix. The nano component broadened the absorption
bandwidth and decreased the reflexion loss of the nano-
composites. Due to the insertion of diamagnetic La3C the
microwave absorption was enhanced (66, 67).
Rheological data of PVC6 oMMT like torque, fusion

time, viscosity and shear rate were recorded on Brabender
plasticorder. The improvement in properties with an
increased amount of oMMT loading was evidenced from
reduction in shear viscosity and torque. Due to the soft
nature of oMMT and improvement in d-spacing the proc-
essing of PVC becomes easier (68). The fusion and rheologi-
cal behaviors of PVC6 SiO2 composites were evaluated by
means of torque data to investigate the influence of the
SiO2 particle size on these characteristics. It was found that
the fusion time and temperature decreased with the reduc-
tion of clay particle size, whereas the fusion torque
increased with reduced particle size. The PVC6 SiO2 25 nm
nanocomposites showed the highest apparent viscosity (29).
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In the case of PVC 6 SWCNTs nanocomposites the rheo-
logical loss factor indicates two relaxation peaks at fre-
quencies of 0.11 and 12.8 Hz due to the interaction
SWCNT–PVC (69).
The PVC 6 graphite nanoplates (nano-Gs) nanocompo-

sites exhibit low volume resistivity of 104 Ώ.cm when the
mass fraction of nano-Gs goes beyond 10 wt% and the
percolation threshold of the nanocomposite is as low as
6 wt% (70). Electrical conductivity anomalies were also
studied in case of PVC nanocomposites (71).
Films of PVC6 Cu nanocomposites obtained by casting

technique exhibit bacterial adhesion (72). It was also con-
firmed that the TiO2@Ag nanostructure could increase
the antibacterial efficiency of a PVC film (73). Some PVC
nanocomposites could be used as antimicrobial food pack-
aging materials (74).
Cone calorimetry technique have been used in the case

of PVC nanocomposites obtained with organofilic benton-
ite and hectorite in view to evaluate the smoke evolution.
The addition of the modified clays led to both a reduction
of the total smoke and an increase in the length of time
over which smoke evolved. A reduction of PHRR was
obtained. It is likely that the presence of the clay, in some
way, interferes with the cyclization of the conjugated sys-
tem produced upon HCl release (46).

4 Polyblends Nanocomposites Based on PVC

The adding to PVC beside the nano filler another thermo-
plastic polymer, an elastomer, or even wood flour can con-
tribute significantly to the improvement of PVC
properties. In some cases, a second polymer may cover the
surface of the nano filler particles enhancing the interac-
tion PVC-nano filler.
The effect of chlorinated polyethylene (CPE) content and

test temperature on the notched Izod impact strength and
brittle-ductile transition behaviors of PVC6 CPE6 nano
CaCO3 composite was studied. The CPE loading and the
test temperature were from 0–50 phr and 243–363 �K,
respectively. It was found that the optimum nano CaCO3

amount was 15 phr. The impact strength was improved sig-
nificantly when CPE content or test temperature are higher
than the critical values of brittle-ductile transition content
(CBD) or brittle-ductile transition temperature (TBD) (75).
The nanocomposites PVC6 acrylonitrile-chlorinated

polyethylene – styrene terpolymer (ACS) 6 methylacrylo-
propyl- containing polyhedral oligomeric silsesquioxane
(MAP-POSS) were prepared by mixing technique. Plasti-
cizing behavior, dynamic rheology and mechanical proper-
ties of the obtained nanocomposites were studied. The
results of the research showed that the plastic time
decreased with increasing MAP-POSS content, the
dynamic storage modulus G’, loss modulus G’’ and com-
plex viscosity (E*) of the nanocomposites all exhibit a

monotonic change with increasing frequency; all have
maximum value at 4 wt% MAP-POSS at the same fre-
quency (76). The impact strength of these nanocomposites
increases with increasing of the nano filler content and has
the best value at 10 wt% MAP-POSS, which is 5.38 kJ 6 m2

higher than that of the polyblend without this nano filler
(77).
In order to improve PVC thermal stability, poly (vinyl

butiral) (PVB) and nano CaCO3 were introduced in plasti-
cized PVC. The two additives acted as HCl scavengers and
afforded an important delay of both onset thermal degra-
dation temperature and HCl release. By the addition of
10 wt% PVB and 8 wt% CaCO3 the release temperature of
HCl was delayed of about 60�C (54).
In situ polymerization of methyl methacrylate in the

presence of nano Sb2O3 led to the formation of nano parti-
cle covered with PMMA shell. These particles enhanced
interactions with PVC macromolecules, breaking down
filler agglomerates, improving its dispersion and increasing
PVC-Sb2O3 interfacial adhesion. It was found that
2.5 wt% nano PMMA modified Sb2O3 provides optimum
Young’s modulus, tensile yield strength, elongation at
break and Charpy notched impact (78).
Two quaternary ammonium products with polymeriz-

able vinyl groups were synthesized for use as MMT modi-
fiers. Copolymers of such modified MMT platelets with
methyl methacrylate were introduced to produce a series
of PVC6 MMT nanocomposites by melt mixing. The
platelet fillers with better organic coverage represented
much more useful functional fillers than the conventional
ammonium treated fillers due to the potential to exfoliate
to a greater extent when melt mixed with the PVC matrix.
The obtained products show better performance in
increasing the thermal stability of PVC6 MMT nanocom-
posites (79).
A graft copolymer of PVC-g-poly (ethylene methacry-

late) PVC-g-POEM was synthesized via atom transfer rad-
ical polymerization, and fumed silica nano particles were
solution blended to prepare PVC-g-POEM6 SiO2-POEM
nanocomposite membranes. These membranes show high
permeation and good mechanical properties (80).
For the preparation of water resistant and thermally sta-

ble nonlinear optical elements containing SWCNTs, an
original technique based on formation of layered struc-
tures made of alternating layers of PVC and water soluble
carboxymethyl cellulose (CMC) with dispersed SWCNTs
was proposed (81, 82).
In the case of PVC6 ABS 6 oMMT nanocomposites, the

morphology and the effects of NaCoMMT and
FeCCoMMT on thermal, flammability and smoke sup-
pressant properties have been determined. XRD, TEM,
TGA, limiting oxygen index (LOI), UL-94 vertical burn-
ing test, and smoke density tests have been used. The
nanocomposites containing FeCCoMMT exhibited better
flame retardancy, smoke suppressant characteristics and
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lower degradation degree than those of pure PVC6 ABS
blends and PVC6 ABS 6 NaCoMMT nanocomposites (83).
During the preparation by melt mixing of

PVC6 acrylonitrile-butadiene rubber (NBR)6 clay nano-
composite, a self-cross-linking process occurs which affects
its properties. FTIR, XRD,SEM, and tensile test were
done to establish the effect of self-cross linking on the
properties of such polyblend nanocomposites. It was found
that they became stronger with high Young’s modulus and
tensile strength (84). The same authors showed that with a
small amount of nano filler the same mechanical proper-
ties of PVC6 NBR6 cloisite can significantly be improved
(85). Studying the morphology and viscoelastic properties
of PVC 6 NBR6 cloisite, the experimental results have been
compared with data obtained by using Taguchi theoretical
method. The data confirmed that this method is useful to
find some properties of the PVC6 NBR nanocomposites
(86).
The addition of SiC increased the permitivity of

PVC 6 NBR 6 MWCNTs, and this may have led to an
impedance mismatch at the air-material interface that
not favored the microwave absorbing performance. The
tensile strength and stress at 100% extension of the
PVC 6 NBR nanocomposites increased with the addition
of MWCNTs and SiC, whereas the elongation at break
decreased (87).
The influence of different amounts of nano graphite

and Cu on the properties of PVC6 NBR polyblends
obtained by the solution technique was studied recently.
Besides the mechanical properties, the research investi-
gated also the dielectric ones by means of broad band ac-
relaxation spectroscopy in the frequency range between
0.01 Hz to 10 MHz at 25�C. According to the results,
the nanocomposites of PVC 6 NBR (506 50) filled with
5% Cu are considered that they belong to semiconductor
materials (88).
PVC6 epoxidized natural rubber (ENR) nanocompo-

sites have been prepared by solution technique with tetrae-
thoxy silane (TEOS) as a silica precursor. Tensile test,
SEM and TEM have been applied in this study. The tensile
test indicated that the highest mechanical strength was at
30% TEOS added to the PVC6 ENR blend prepared at
pH D 2.0 (89).
Interesting research have been done on PVC6 methyl

methacrylate-butadiene-styrene (MBS)6 halloysite nano-
tubes (HNTs) (90).
It is well known that most physical properties of

PVC6 wood composites are lower than those of pure PVC
because of poor interfacial adhesion between the hydro-
philic wood flour (WF) and hydrophobic PVC macromo-
lecules. The effects of treating WF with aminosilanes and
adding a nano clay on the mechanical properties of the
composites were investigated by using universal testing
machine (UTM), izod impact tester, DMA and TMA.

The performance of PVC6 wood was considerably
improved by using the aminosilane -treated WF and the
nano clay (91).
The effects of nano CaCO3 on the mechanical properties

and flame retardancy of PVC6 WF 6 CaCO3 composites
were investigated by cone calorimetry. After applying a
surface coupling agent the composite properties were
improved due to the improvement of interface adhesion
between PVC and WF. The flame resistance was also
improved (92).
Foaming PVC 6 WF nanocomposites have been recently

considered by researchers. In a such study MWCNTs were
compounded with PVC,WF and a foaming agent in an
internal mixer. The experimental data indicated that, in
the presence of MWCNT the cell density increased and
the cell size decreased, but the density of the foam nano-
composites were not affected by the content of the foaming
agent. The research results show that the addition of
MWCNT to PVC6 WF foams led to more density reduc-
tion, increase of the flexural strength and Young’s modu-
lus up to 16% and 13%, respectively (93). The influence of
MWCNT functionalization on the morphology and
mechanical properties of nanocomposite foams based on
PVC6 WF6 MWCNT are presented also in an another
research (94).
The effects of TiO2 and nanoclay on one side and of

SiO2 and nanoclay on another side were recently studied
in the case of polyblends of PVC with high density poly-
ethylene (HDPE), low density polyethylene (LDPE), poly-
propylene (PP) and polyethylene -co- glycidyl methacrylate
(PE-co-GMA) with WF (Phragmites karka) (95, 96). The
influence of nano fillers on flammability, UV resistance,
biodegradability, chemical resistance of some polyblends
that include PVC was also investigated (97, 98).

5 Conclusion

Based on the data obtained by different researchers we can
draw the following conclusions:
-Nano fillers, mixture of nano fillers, and nano fillers

with some polymers introduced in PVC matrix lead to the
formation of PVC nanocomposites with better properties
than those of virgin PVC.
-Some of such new additives act as HCl scavengers and

afforded significant delay of both PVC degradation tem-
perature and HCl release.
-Beside the thermal properties improvement PVC nano-

composites posed better mechanical, rheological, photo
stability, barrier, antibacterial, flammability characteristics
depending on the chosen nano filler, mixtures of nano fill-
ers, mixtures of polymers and nano fillers and the technique
used for their preparation.
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Abbreviations

ABS -Acrylonitrile-butadiene-stytene
terpolymer

ACS -Acrylonitrile-chlorinated polyethylene-
styrene terpolymer

AP -Alkyl phosphate
CBD -Brittle-ductile tansition content
CNT -Carbon nano tube
CMC -Carboxymethyl cellulose
CPE -Chlorinated polyethylene
DMF -Dimethylformamide
DOP -Dioctyl phthalate
DSC -Differential scanning calorimetry
DMA -Dynamic mechanic analysis
eMWCNT -alkyl modified multi walled carbon

nano tube
EL -Euricoma longifolia
ENR -Epoxidized natural rubber
FTIR -Fourier transform infra red analysis
Go -Graphene oxide
HDT -Heat distortion temperaturers
HNT -Halloysite nano tube
HT -Hydrotalcite
LDH -Layered double hydroxide
LDH-DS -Layered double hydroxide intercalated

with sulfate anions
LDH-PK -Layered double hydroxide lauryl ether

phosphate
LOI -Limited oxygen index
MA -Maleic anhydride
MAP-POSS -Methylacrylopropyl containing polyhe-

dral oligomeric silsequioxane
MBS -Methyl methacrylate-butadiene-styrene

terpolymer
MMT -Montmorillonite
MWCNT -Multi walled carbon nano tube
nano-Gs -Graphite nano plates
NBR -Acrylonitrile-butadiene rubber
oMMT -Organo modified montmorillonite
oPOSS -Polyhedral oligomeric silesquioxanes
PAA -Poly (acrylic acid)
PAND -Dodecylbenzene sulfonic acid doped

aniline
PBAA -Poly (butadiene-co-acrylic acid) cop-

olymer
PANI-TiO2 -Polyaniline modified TiO2

PE-co-GMA -Polyethylene-co-glycidil methacrylate
PHRR -Peak heat release rate
PMMA -Polymethylmethacrylate
PP -Polypropylene
PVB -Poly (vinyl butiral)
PVC -Poly (vinyl chloride)
PVC-g-POEM -PVC-g-poly(ethylene methacrylate)
SEM -Scanning electron microscopy
SWCNT -Single walled carbon nano tube

TBD -Brittle-ductile transition temperature
TEM -Transmission electron microscopy
TGA -Themogravimetric analysis
THF -Tetrahidrofuran
TEOS -Tetraetoxysilane
TMCS -Chlorotrimethylsilane
UTM -Universal testing machine
VAc -Vinyl acetate
VC -Vinyl chloride
VST -Vicat softening temperature
WF -Wood flour
XRD -X-ray diffraction

References

1. Koo, J.K., In Polymer nanocomposites, Mai, Y.W., Yu, Z.Z., Eds.:
Woodhead Publishing Ltd.: Cambridge, U.K., 2006.

2. Giannelis, E.P. (1996) Adv. Mater., 8, 29.
3. Akat, H., Tasdelen, M.A., Du Prez, F., and Yagci, I. (2008) Eur.

Polym. J., 44, 1949.
4. Sengupta, R., Chakaborty, S., Bandyopadhyay, S., and Deurry, A.

S. (2007) Polym. Eng. Sci., 47, 1956.
5. Feldman, D. (2012) Trends Polym. Sci., 16, 77–85.
6. Liu, C., Luo, Y.F., Jia, Z.F., Li, S.Q., Guo, B.C., and Jia, D.M.

(2012) J. Macrom. Sci., Part B., Physics, 51, 5, 968–981.
7. Wanjun, I., Aihua, Y., and Xia, Z. (2012) Adv. Mater. Res.,

554-556, 1, 282–285.
8. Turhan, Y., Dogan, M., and Alkan, M. (2011) Advanced Polymer

Technology, 32, S1, E65-E 82.
9. Gilbert, M., Poly(vinyl chloride) based nanocomposites. In Advan-

ces in Polymer Nanocomposites: Types and Applications. Gao, F.,
Ed., Woodhead Publishing Ltd.: Cambridge, U.K., 216–237, 2013.

10. Kim, B.K. (2012) eXPRESS Polym. Lett., 6 10, 772–772.
11. Salavagione, H.J., and Martinez, G. (2011) Macromolecules, 44, 8,

2685–2692.
12. Bao, Y.-Z, Huang, Z.-M., and Weng, Z.-X. (2006) J. Appl. Polym.

Sci, 102, 2, 1471–1477.
13. Bao, Y.-Z., Huang, Z.-M., Li, S.-X., and Weng, Z.-X. (2008)

Polym. Degrad. Stab., 93, 2, 448–455.
14. Gong, F., Feng, M., Zhao, C., Zheng, S., and Yang, M. (2004)

Polym. Test., 23, 7, 847–853.
15. Xie, X.-L., Liu, Q.-X., Li, R.K.-Y., Zhou, X.-P., Zhang, Q.-X., Yu,

Z.-Z, and Mai, Y-W. (2004) Polymer, 45, 19, 6665–6673.
16. Miao, H., Liu, S., and Lin, J. (2012) J. Appl. Polym. Sci., 123, 6,

3764–3771.
17. Yang, D.-Y., Liu, Q.-X., Xie, X.-L., and Zeng, F.-D. (2006) J.

Therm. Anal. Calorim., 84,2, 355–359.
18. Chen, H., Zhang, X., Zhang, P., and Zhang, Z. (2012) Appl. Surf.

Sci., 261, 628–632.
19. Park, K.-W., and Jung, J.H. (2012) J. Inorg. Organomet. Polym.

(Korea), 22, 119–124.
20. Abdullah, E.T., and Nage, A.N. (2011) J. Sci. Technol., 4,7,

731–735.
21. Mahmoud, W.E., and Al-Ghamdi, A.A. (2011) Polym. Compos.,

32,7, 1143–1147.
22. Huang, N.H., and Wang, J.Q. (2009) eXPRESS Polym. Lett., 3,9,

595–604.
23. Belov, M.S., Zakharychev, E.A., Ryabov, S.A., Razov, E.N.,

Moskvichev, A.N., Obedkov, A.M., and Semchikov, Y.D. (2011) J.
Appl. Chem. (Russia), 84, 12, 2148–2151.

24. Bettio, P.P.S. de B., and Pessan, L.A. (2012) Polimeros: Ciencia e
Tecnologia, 22, 4, 332–338

25. Olad, I., Behboudi, S., and Entezami, A.A. (2013) Chinese J.
Polym. Sci. (CJPS), 31,3, 481–494.

Poly(vinyl chloride) Nanocomposites 665

INTEX EX. 1047, Pg. 7 
Intex Recreation v. Bestway Inflatables, IPR2023-00486



26. Das, G., and Karak, N. (2012) J. Vinyl. Addit. Tech., 18, 3,
168–177.

27. Khashirova, S.Y., Sapaev, K.K., and Mikitaev, A.K. (2012) Mate-
rialovedenie, (Russia), 4, 41–46.

28. Saad, A.L.G., and Dimitry, O.I.H. (2012) J. Appl. Polym. Sci., 123,
1407–1420.

29. Ari, G.A., and Aydin, I. (2011) Polym. Eng. Sci., 51, 8, 1574–1579.
30. Liu, S., Yang, W., Lei, J., and Zhou, C. (2013) J. Appl. Polym. Sci.,

127, 4, 3221–3227.
31. Ren, J., Huang, Y., Liu, Y., and Tang, X. (2005) Polym. Test.

(China), 24, 316–323.
32. Kemal, I., Whittle, A., Burford, R., Vodenitcharova, T., and Hoff-

man, M. (2011) Proceedings of Annual Technical Conference –

Society of Plastics Engineers, 69, 1, 743–750.
33. Al-Hartomyky, O.A., Al-Solamy, F., Al-Ghamdi, A.A., Ibrahim,

M.A., Dishovsky, N., and El-Tantawy, F. (2011) J. Elastom. Plast.,
43,137–153.

34. Liang, Z.-M., Wan, C.-Y., Zhang, Y., Wei, P., and Yin, J. (2004) J.
Appl. Polym. Sci., 92, 1, 567–575.

35. Pagacz, J., and Pielikowski, K. (2013) J. Therm. Anal. Cal., 111, 2,
1571–1575

36. Kalendova, A., Pospisil, M., Kovarova, L., Merinska, D., Valas-
kova, M., Vikova, H., Simonik, J., and Capkova, P. (2004) Plast.
Rubber Compo., 33, 7, 279–285.

37. Yarahmadi, N., Jakubowicz, I., and Hyertzberg, T. (2010) Polym.
Degrad. Stab., 95, 2, 132–137.

38. Sterky, K., Hjertberg, T., and Jacobsen, H. (2009) Polym. Degrad.
Stab., 94, 9, 1564–1570.

39. Sterky, K., Jacobsen, H., Iacubowicz, I., Yarahmadi, N., and Hjert-
berg, T. (2010) Eur. Polym. J., 46, 6, 1203–1209.

40. Haiyan, H., Mingwang, P., Xiucuo, L., Xudong, S., and Liucheng,
Z. (2004) Polym. Int., 53, 2, 225–231.

41. Karakus, S., Budinski-Simendic, J., Korugic-Karasz, L., and Aro-
guz, A.Z. (2010) ACS Symposium Series, 1061 (Contemporary Sci-
ence of Polymeric Materials), 103–113.

42. He, D., Qi, S., Cheng, B., and Ma, L. (2012) Zhongguo Suliao
(China), 26, 8, 90–93.

43. Sokhandani, P., Babaluo, A.A., Rezaei, M., Shahrezaei, M.,
Hasanzadeh, A., Mehmandouts, S.G., and Mehdizadeh, R. (2013)
J. Appl. Polym. Sci., 129, 6, 3265–3272.

44. Bonadies, I., Avella, M., Avolio, R., Carfagna, C., Errico, M.E.,
and Gentile, G. (2011) J. Appl. Polym. Sci., 122, 6, 3590–3598.

45. Ashrapov, A.K., Abdrakhmanova, L.A., Nizamov, R.K., and
Khozin, V.G. (2011) RU-2011-144053.

46. Awad, W.H., Beyer, G., Benderly, D., Ijdo, W.L., Songtipya, P.,
Jimenez-Gasco, M., Mannias, M., and Wielkie, C.A. (2009) Poly-
mer, 50, 1857–1867.

47. Peprincek, T., Duchet, J., Kovarova, L., Malac, J., Gerard, J.F.,
Simonik, J. (2006) Polym. Degrad. Stab., 91, 8, 1855–1860.

48. Madaleno, L., Schjodt-Thomsen, J., and Pinto, J.C. (2010)
Compos. Sci. Technol., 70, 804–814.

49. Chipara, M., Cruz, J., Vega, E.R., Alarcon, J., Mion, T., Chipara,
D.M., Ibrahim, E., Tidrow, S.C., and Hui, D. (2012) J. Nanomate-
rials, 435412, 6 pp.

50. Salavagione, H.J., Ellis, G., and Martinez, G. (2012) J. Phys. Chem.
C., 116, 18256–18262.

51. Afzal, A.B., and Akhtar, M.J. (2012) Iran Polym. J., 21, 8, 489–
496.

52. Zykova, J., Kalendova, A., Kovarova, L., and Malac, J. (2010)
Proceedings of 1st International Conference on Times of Polymers
(TOP) and Composites, 141–144.

53. Peprnicek, T., Kalendova, A., Pavlova, E., Simonik, J., Duchet, J.,
and Gerard, J.F. (2006) Poly. Degrad. Stab., 91, 12, 3322–3329.

54. Etienne, S., Becker, C., Ruch, D., Germain, A., Calberg, C. (2010)
J. Therm. Anal. Calorim., 100, 667–677.

55. Chen, X.-G., Wu, D.-D., Lv, S.-S., Zhang, L., Ye,Y., and Cheng,
J.-P. (2010) J. Appl. Polym. Sci., 116, 4, 1977–1984.

56. Al-Ghamdi, A.A., Al-Salamy, F., Al-Hartomy, O.A., Al-Ghamdi,
A.A., Abdel Dalem, A.M., and El-Tantawy, F. (2012) J. Appl.
Polym. Sci., 124, 2, 1144–1153.

57. Wang, D., Parlow, D., Yao, Q., and Wilkie, C. A. (2004) J. Vinyl
Add. Tech., 7, 4, 203–213.

58. Du, Y., Gao, J., Yang, J., and Liu, X. (2012) Polymer – Plastic
Technology Engineering, 51, 9, 920–925.

59. Boonmahittihisud, A., and Chulaujit, S. (2012) Adv. Mat. Res.,
488-489 (Issue Key. Eng. Materials II), 633–637.

60. Liu, C., Luo, Y.F., Jia, Z.X., Zhong, B.C., Li, S.Q., Guo, B.C., and
Jia, D.M. (2013) International Journal of Polymeric Materials and
Biomaterials, 62, 3, 128–132

61. Abu-Abden, M. (2012) Mater. Design, 33, 523–528.
62. Sarfraz, A., Warsi, M.F., Sarwar, M.I., and Ishaq, M. (2012) Bull.

Mater. Sci. (India), 35, 4, 539–544.
63. Hamid, Y., Bakar, A.A., and Deirram, N. (2013) J. Appl. Polym.

Sci., 128, 2, 1170–1175.
64. Sokhandani, P., Babaluo, A.A., Rezaei, M., Shahrezali, M., Hasan-

zadeh, A., and Mehmandoust, S.G. (2013) J. Appl. Polym. Sci.,129,
6, 3265–3272.

65. Zhang, Y-X., Song, Y., and Zheng, Q. (2013) Chinese Journal of
Polymer Science (CJPS), 31, 2, 325–332.

66. Hou, C., Li, T., Zhao, T., Cheng, T., Zhang, W., and Li, G. (2012)
Materials Letters (China), 67, 1, 84–87.

67. Hou, C., Li, T., Zhao, T., Lv. J., Zhang, W., and Ma, Y. (2012)
Journal of Reinforced Plastics and Composites (China), 31, 22,
1526–1531.

68. Shimpi, N.G., Mishra, S. (2011) J. Appl. Polym. Sci., 119, 1,
148–154.

69. Abu-Abdeen, M. (2012) J. Appl. Polym. Sci., 124, 4, 3192–3199.
70. Zhang, H.M., and Wu, B. (2011) Adv. Materials Res., 391–392,

517–523.
71. Vlasov, D.V., and Apreysan, L.A. (2013) arXiv.org. e-Print Archive

Condensed Matter. (Russia), 1–10.
72. Becerra, A., Rodriguez-Liamazares, S., Carrasco, S., Diaz-Visur-

raga, J., Riffo, C., and Mondaca, M.A. (2013) High Perform.
Polym., 25, 1, 51–60.

73. Liu, F., Liu, H., Li, X., Zhao, H., Zhu, D., Zheng, Y., and Li, C.
(2012) Appl. Surf. Sci., 258, 10, 4667–4671.

74. Cushen, M., Kerry, J., Morris, M., Cruz-Romero, M., and Cum-
mins, E. (2013) Food Chem., 139, 389–397.

75. You, F., Chen, G., Zou, J., Yang, Z., and Guo, S. (2012) J. Appl.
Polym. Sci., 123, 3, 1833–1842.

76. Yang, J., Gao, J., Du, Y., and Liu, X. (2013) Polym-Plast. Technol.
Eng., 52, 8, 820–826.

77. Du, Y., Gao, J., Yang, J., and Liu, X. (2013) J. Appl. Polym. Sci.,
129, 1, 174–180.

78. Xie, X.-L, Li, R., K.-X, Liu, Q.-X., and Mai, Y.-W. (2004) Poly-
mer, 45, 2793–2802.

79. Huang, X., Ding, Y., Zhang, B., Li, J., and Su, H. (2011) J. Reinf.
Plast. Compos., (China), 30, 24, 2025–2034.

80. Ahn, S.H., Park, J.T., Kim, J.H., Ko, Y., and Hong, S.U. (2011)
Macromol. Res. (Korea), 19, 11, 1195–1201.

81. Vlasov, D.V., Kryshtob, V.I., Vlasova, T.V., Bokova, S.N., Shkar-
ova, O.P., Obraztsova, E.D., Apreysan, L.A., and Konov, V.I.
(2012) Polymer Science Ser. A (Russia), 54, 1, 34–38.

82. Bokova, S.N., Vlasov, D.V., Kryshtob, V.I., Vlasova, T.V., Obraz-
tova, E.D., Apreysan, L.A., and Konov, V.I. (2012) J. Nanoelec-
tron. Optoelectron., 7, 1, 87–89.

83. Kong, Q., Tang, Y., Hu, Y., Song, L., Liu, H., and Li, L. (2012) J.
Polym. Res., 19, 1, 1–10.

84. Esmizadeh, E., Naderi, G., and Ghoreishy, M.H.R. (2013) J. Appl.
Polym. Sci., 130, 5, 3229–3239.

85. Ermizadeh, E., Naderi, G., Ghoreishy, M.H.R., and Bakhshandeh,
G.R. (2011) Iran J. Polym. Eng., 31, 2–3, 83–92.

86. Ermizadeh, E., Naderi, G., and Ghoreishy, M.H.R. (2011) Iran
Polymer J., 20, 7, 587–596.

666 Review

INTEX EX. 1047, Pg. 8 
Intex Recreation v. Bestway Inflatables, IPR2023-00486



87. Zhang, S., Zhai, Y., and Zhang, Y. (2013) J. Appl. Polym. Sci., 130,
1, 345–351.

88. Ward, A.A., Khalaf, A.I., Ismail, M.N., Tawfik, S.Y., and Man-
sour, S.H. (2013) Kautshuk-Gummi-Kunststoffe, (KGK), 66, 1–2,
36–45.

89. Karim, J., Ahmad, A., Abdulah, I., and Dahlan, H.M. (2012) J.
Sol-Gel Sci. Technol., 62, 1, 7–12.

90. Zhong, B., Jia, Z., Luo, Y., Liu, C., and Jia, D. (2012) Suliao Keji
(China), 40, 8, 59–63.

91. Park, S., and Kim, D.S. (2012) Polymer (Korea), 36, 5, 573–578.
92. Zhao, Y., Sun, Q., and Wang, K. (2013) Gaofenzi Caillao Kexue

Yu Gongcheng (China), 29, 2, 66–69.

93. Afshin, T.F., Mohammad, T., Amir Hooman, H., Habib, K.,
Ismaeil, G. (2011) World Applied Science Journal, 13, 2, 269–276.

94. Ghasemi, I., Farsheh, A.T., and Masoomi, Z. (2012) J. Vinyl Add.
Tech., 18, 3, 161–167.

95. Deka, B.K., and Maji, T.K. (2011) Composites, Part A., Applied
Science and Manufacturing (India), 42A, 12, 2117–2125.

96. Deka, B.K., and Maji, T.K. (2013) Polym.Bull., 70, 2,
403–417.

97. Deka, B.K., Mandal, M., and Maji, T.K. (2012) Ind. Eng. Chem.
Res., 51, 11881–11891.

98. Deka, B.K., Maji, T.K., and Mandal, M. (2011) Polym. Bull., 67, 9,
1875–1892.

Poly(vinyl chloride) Nanocomposites 667

INTEX EX. 1047, Pg. 9 
Intex Recreation v. Bestway Inflatables, IPR2023-00486



Copyright of Journal of Macromolecular Science: Pure & Applied Chemistry is the property
of Taylor & Francis Ltd and its content may not be copied or emailed to multiple sites or
posted to a listserv without the copyright holder's express written permission. However, users
may print, download, or email articles for individual use.

INTEX EX. 1047, Pg. 10 
Intex Recreation v. Bestway Inflatables, IPR2023-00486




