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Currently, the growing consumption of polymer products creates the large quantities of waste materials
resulting in public concern in the environment and people life. Nanotechnology is assumed the important
technology in the current century. Recently, many researchers have tried to develop this new science for
polymer recycling. In this article, the application of different nanofillers in the recycled polymers such as
PET, PP, HDPE, PVC, etc. and the attributed composites and blends is studied. The morphological, mechan-
ical, rheological and thermal properties of prepared nanocomposites as well as the future challenges are
extensively discussed. The present article determines the current status of nanotechnology in the poly-
mer recycling which guide the future studies in this attractive field.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Polymer recycling

Polymers are the most widely used materials in various fields
due to their valuable properties such as good mechanical proper-
ties, low density, rather low cost, and also ease of processing
(Ansari and Alikhani, 2009; Rahimi and Shokrolahi, 2001). The total
production of plastics is more than 230 million tonnes per year
which will reach to 400 million tonnes in 2020 based on a more
conservatively annual growth rate of about 5% (Braun, 2004; Sim-
oneit et al., 2005).

Every year, large quantities of waste polymers are produced
from industrial, agricultural and household activities. It has been
reported that plastics make up more than 12% of municipal solid
waste stream, a dramatic growth from 1960, when plastics were
only 1% of the waste stream (http://www.epa.gov/osw/conserve/
materials/plastics.htm). The new environmental, economic, and
petroleum considerations have induced the scientific communities
to increasingly deal with polymer recycling (Fall et al., 2010;
Salmiaton and Garforth, 2007, 2011; Taurino et al., 2010).

The efficient treatment of waste polymers is still a difficult chal-
lenge. The traditional methods such as combustion or burying
underground show a negative effect on the environment like for-
mation of dust, fumes and toxic gases in the air, and the pollution
of underground water and other resources. The recycling process is
the best way to manage the waste polymers. There are various
techniques for recycling of waste polymers including primary
All rights reserved.
recycling, mechanical recycling, chemical or feedstock recycling
and energy recovery (García et al., 2009; Sadat-Shojai and Bak-
hshandeh, 2010; Zhang et al., 2009b). The recycling rate for differ-
ent types of plastic significantly varies, leading to an overall
recycling rate of only 8% or 2.4 million tons in 2010 (http://www.e-
pa.gov/osw/conserve/materials-/plastics.htm).

However, there are some main problems for polymer recycling
such as separation (Burat et al., 2009). For example, PVC bottles are
difficultly identified from PET ones, but one stray PVC bottle in a
melt of 10,000 PET bottles can ruin the whole batch. For ease of
separation, most manufacturers determine the type of plastics by
the numerical coding system created by Society of Plastics Industry
in 1980s (http://www.epa.gov/osw/conserve/materials/-plas-
tics.htm). The identification codes can be found at the bottom of
most plastic packaging. Table 1 shows the identification codes
and some household applications of commonly used polymers.
However, plastic tarps, pipes, toys, household coverage, and a mul-
titude of other products do not fit into the numbering system. So,
there are not usually collected as well as the thousands of different
polymers. Moreover, after several processing cycles, the structure
of polymer is degraded introducing the poorer mechanical proper-
ties than those of a virgin one (Goto et al., 2006; Oromiehie and
Mamizadeh, 2004). To overcome these limitations, it seems that
the easiest way to recycle the waste plastics is development of
blends and composites.

1.2. Why nanotechnology?

Nanotechnology is assumed as one of the key technologies in
the recent century (Shabani et al., 2012, 2011a, 2011b, 2009). We
can obtain the substantial enhancements of mechanical, thermal,
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Table 1
The identification code and some household applications of most consumed
polymers.

Polymer Identification
code

Applications

PET 1 Fizzy drink bottles,
Waterproof packaging

HDPE 2 Milk, oil and detergent
Bottles, toys and plastic bags

PVC 3 Food trays, cling film, liners, blister packages
LDPE 4 Carrier bags and bin

Liners, shrink wrap, garment bags
PP 5 Margarine tubs,

Refrigerated containers, bags, bottle tops, carpets,
some food wrap

PS 6 Yoghurt pots, foam
Plastic cutlery, protective packaging for electronic
goods and roys, throw-away utensils

Table 2
Recent studies on the polymer recycling via nanotechnology.

Polymer Nanofiller References

PET Nanoclay Basilia et al. (2011), Bizarria et al. (2007),
Giraldi et al. (2008), Hamzehlou and
Katbab (2007), Karabulut (2003),
Kráčalík et al. (2007a), Kráčalík et al.
(2007b, 2007c) and Pegoretti et al. (2004)

PET/rubber Nanoclay Kelnar et al. (2010)
PET/PMMA Nanoclay Kerboua et al. (2010)
PET/ABS SiO2 Shi et al. (2011)
PP Nanoclay Cengiz (2008), Tri Phuong et al. (2008)
PP CaCO3 Elloumi et al. (2010)
PP CNTs Gao et al. (2011)
PP/HIPS Nanoclay Mural et al. (2011)
HDPE Nanoclay Hill (2005) and Lei et al. (2007)
HDPE Graphene Jannapu Reddy (2010)
HDPE/baggase Nanoclay Hemmasi et al. (2011)
PVC Nanoclay Yoo et al. (2004)
PVC/PP CaCO3 Andričić et al. (2008)
PS Nanoclay Liu et al. (2007)
PMMA Nanoclay Martin et al. (2008)
PBT/glass fiber SiO2, MMT, mica Zhang et al. (2009a)

Y. Zare / Waste Management 33 (2013) 598–604 599
optical and barrier properties using the nanofillers (Frounchi et al.,
2006; Shahabadi and Garmabi, 2012; Zare and Garmabi, 2012a;
Zare et al., 2011). The nano-additives increase the interphase sur-
face of components and superficial area/volume ratio leading to
improvement of overall performances. In comparison to traditional
micro-fillers, very low loading of nanoclay is sufficient to achieve
the excellent development of properties without substantially
increasing the density and cost or reducing the light transmission
properties of base polymer (Jafari et al., 2012; Ramezani-Dakhel
and Garmabi, 2010; Zare and Garmabi, 2012b).

Further, the reduced melt strength of recycled polymers in
extrusion process causes the inconsistency of material after leaving
the die which makes the production of sheets or profiles impossi-
ble (Hamzehlou and Katbab, 2007; Kráčalík et al., 2007b). Also,
reprocessing of waste PET with very small intrinsic viscosity is
not feasible (Kráčalík et al., 2007c). Nanofillers can increase the
melt strength and viscosity of recycled polymers in addition to
improvement of various properties. The recent studies on polymer
recycling by nanofillers are presented in Table 2.

In this review paper, a comprehensive study on the application
of nanofillers in the recycling process of polymers, composites and
blends is carried out. Moreover, the future challenges in this area
are discussed which can help the researchers in the potential
works.
Fig. 1. The oxygen permeation of virgin and recycled PET nanocomposites at
different nanoclay content (Hamzehlou and Katbab, 2007).
2. Results and discussion

2.1. Recycled polyethylene terephthalate (rPET)

2.1.1. Nanoclay content
Hamzehlou et al. have found the optimal nanoclay (DK2) con-

tent of 3 wt.% for tensile strength of both recycled and virgin PET
nanocomposites (Hamzehlou and Katbab, 2007). However, it was
clearly observed that all samples prepared from rPET showed the
higher tensile properties, compared to virgin PET (vPET). Also,
the onset of thermal degradation has been delayed for rPET nano-
composites composed of 3 and 5 wt.% of nanoclay. It exhibited the
enhanced melt elastic modulus and pseudo solid-like behavior of
nanocomposite at low shear frequencies compared to unfilled
PET indicating the formation of nanoscopic network structure by
the clay platelets. At low shear frequencies, the samples containing
3 and 5 wt.% of nanoclay demonstrated the higher storage modulus
while more Newtonian behavior was shown in the samples with
nanoclay concentration of lower than 5 wt.%. The oxygen perme-
ation of virgin and recycled PET nanocomposites is observed in
Fig. 1. The permeation of neat rPET was larger than neat vPET,
due to the smaller chain size of rPET; but, the addition of nanoclay
decreased the permeation in both rPET and vPET nanocomposites
and the permeation became similar for both nanocomposites at
higher contents of nanoclay (>3 wt.%).

Basilia et al. (2011) also reported that the 5 wt.% of synthesized
Philippine MMT (Na-MMT) offered the best improvement of tensile
properties. Furthermore, Giraldi et al. (2008) have found that the
optimized values of strength and toughness were obtained at
2.5 wt.% of nanoclay instead of 5 wt.%.

Pegoretti et al. (2004) and Bizarria et al. (2007) prepared
the rPET/organoclay nanocomposites at several nanoclay content
(1, 3 and 5 wt.%). Both works suggested the highest stiffness and
tensile strength at 5 wt.% of nanoclay. In Bizarria study, Tg slightly
decreased by the clay content, may be due to clay agglomeration
which occurred above a critical clay loading (Chang et al., 2005;
Haddad and Lichtenhan, 1996; Xu et al., 2002).

Karabulut compounded the rPET with commercial nanoclay
(Cloisite 30B) in the contents of 1, 2, and 5 wt.% (Karabulut,
2003). The mechanical properties such as tensile, flexural and
impact results showed the highest improvement in the clay
content of 2 wt.%.
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As a result, the highest level of stiffness and strength were ob-
tained at the larger contents of nanoclay while the optimized level
of strength and toughness was achieved in the lower nanoclay
loading (about 2 wt.%) due to the lower mobility of chains intro-
duced by mechanical involvement of chains with nanoclay which
decrease the toughness.

2.1.2. Nanoclay type
Kráčalík et al. (2007a) incorporated the 5 wt.% of different Cloi-

site organoclays in rPET. The increased basal spacing after the dif-
fusion of polymer chains into the gallery of silicate layers (Dd001) is
observed in Fig. 2. The ammonium cations in Cloisite 6A, 15A and
20A with two long alkyl groups are non-polar, while those in Cloi-
site 30B, 10A and 25A are more polar. To obtain a well-intercalated
and exfoliated structure, the surface polarities of polymer matrix
and organoclay should be matched (LeBaron et al., 1999; Xie
et al., 2001). Therefore, Cloisite 6A, 15A and 20A nanofillers
showed the weak interactions leading to less intercalation. The
maximum level of homogeneity and delamination was found in
samples composed of Cloisite 25A and 30B.

Pegoretti et al. (2004) prepared the rPET nanocomposite with
non-modified natural (Cloisite Na+) and modified (Cloisite 25A)
nanoclays. The observations confirmed that the Cloisite 25A parti-
cles were much better dispersed in the rPET matrix compared to
Cloisite Na+. Also, the tensile tests illustrated that both nanoclays
increased the modulus of rPET but Cloisite 25A was more effective.
Furthermore, the compliance of the nanocomposites was only
slightly lower than that of neat rPET and both nanoclays had a ben-
eficial effect on the dimensional stability of rPET.

The rPET nanocomposites containing 2 wt.% of different nanoc-
lays, Cloisite 15A, 25A, and 30B were prepared by Karabulut
(2003). The Cloisite 25A having long alkyl side-groups provided
the best dispersion of clay platelets along with the most mechan-
ical results owing to its branched nature.

Eventually, it seems that the Cloisite 25A type of nanoclay pre-
sents the better properties in the rPET nanocomposites.

2.1.3. Nanoclay modification
Kráčalík et al. (2007b) performed the two step modification of

sodium type MMT with 1,2-dimethyl-3-octadecyl-1 H-imidazol-
3-ium chloride (MMT-IM) and then with [3-(glycidyloxy)propyl]
trimethoxysilane (MMT-IME). The filling of MMT-IM and
MMT-IME into the rPET led to the substantial enhancement of
Young’s modulus especially by MMT-IME. The rPET/MMT-IME
Fig. 2. The increased basal spacing (Dd001) of rPET/clay nanocomposites (Kráčalík
et al., 2007a).
nanocomposite presented a better melt viscosity and storage mod-
ulus compared to MMT-IM system. Although the neat matrices
showed a Newtonian behavior within the whole range of shear
rates, the addition of modified organoclays caused an increase of
one order of magnitude in complex viscosity at low shear rates.
As suggested, the enhanced melt viscosity and elasticity of the rPET
nanocomposites even at higher shear rates can be applied in extru-
sion, injection and blow molding technologies.

Kráčalík et al. (2007c) also silanizated the commercial organoc-
lays, Cloisite 25A, 10A, and 30B. The modification of Cloisite 25A
with [3-(glycidyloxy) propyl] trimethoxysilane increased the
homogeneity of silicate layers in rPET whereas the additional mod-
ification of Cloisite 10A and 30B led to the slighter level of both
delamination structure and melt viscosity. The silanization of Cloi-
site 10A and 30B caused the significant loss of melt strength attrib-
uted to the higher water retention of silicate layers together with
chemical reactions between the organic groups of organoclays
and [3-(glycidyloxy)-propyl] trimethoxysilane modifier. Also, all
prepared nanocomposites showed a shear thinning behavior,
caused by disruption of network structures and orientation of
nanoparticles in flow. The modified Cloisite 25A only presented
the highest level of elongation at break while the largest improve-
ment of tensile modulus was obtained using Cloisite 25A.

2.1.4. Process condition
The rPET nanocomposites were prepared by a corotating twin-

screw extruder at two screw rotation speeds of 150 and 250 rpm
(Giraldi et al., 2008). At lower screw speed, the exfoliation of clay
platelets and also, the Young’s modulus of rPET/clay nanocompos-
ites were better than those at higher screw speed.

The rPET nanocomposites were also prepared at three different
screw speeds: 150, 350 and 500 rpm (Karabulut, 2003). The maxi-
mum exfoliation and viscosity took place at 350 rpm exhibiting
more desirable impact, tensile and flexural properties. Actually,
the average screw speeds provide a good balance between the in-
duced shear stress and residence time of melt mixing which estab-
lish desirable properties.

2.1.5. Ternary nanocomposites
Kelnar et al. (2010) focused on the rPET/nanoclay nanocompos-

ites with Ethene–propene (EPR) and Ethene-methyl acrylate
copolymer (EMA) elastomers for simultaneous compatibilization
and reinforcement of rPET. The enhancement of stiffness, strength,
and toughness was obtained applying 5 wt.% of preblended EPR or
EMA and Cloisite 15A (3 wt.%) or particularly, simultaneously
added Cloisite 30B and Cloisite 15A. The increment of EPR content
did not practically lead to an increase in toughness, most possibly
due to an extremely rough structure.

Kerboua et al. (2010) studied the blend of rPET and virgin poly
methyl methacrylate (vPMMA) with nanoclay. By addition 2 wt.%
of nanoclay (Nanofil2), the morphology of blend significantly chan-
ged and the particle size reduced, dramatically. An increase in
nanoclay loading from 2 to 5 wt.% led to a more reduction in par-
ticle size while it became impossible to distinguish the dispersed
PMMA domains. These remarks indicated the strong interfacial
activity of nanoclay for this polymer pair. Also, the enhancement
of strength, modulus, viscosity and dynamic storage at low fre-
quencies was noticed by addition of nanoclay.

Shi et al. (2011) mixed the SiO2 nanoparticles with rPET/ABS/
AES (acrylonitrile-acrylic-styrene copolymer) blend. In the SiO2

content of 1 phr, uniform dispersion of nanoparticles in rPET/ABS
was illustrated and the SiO2 nanoparticles were mainly distributed
in rPET phase. As the content of SiO2 increased, larger ABS domains
was shown. The rPET/ABS/AES blends did not behave as a tough
polymer but by incorporation of nano-SiO2, a significant improve-
ment of impact and tensile strength was provided.
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Fig. 3 shows the most improvement percentage of tensile mod-
ulus obtained in each study on rPET nanocomposites. The mini-
mum improvement was observed in Kerboua work (Kerboua
et al., 2010) about 18% whereas the maximum enhancement was
achieved in Basilia study (Basilia et al., 2011) about 173%.

Accordingly, the concentration of 2–5 wt.% of Cloisite 25A at
screw speeds of 150–350 rpm can be chosen as an optimized con-
dition for recycling of rPET by nanoclay. Furthermore, the simulta-
neous addition of nanofillers and other polymer components to
waste PET can be more efficient technique for improvement of rPET
properties as discussed.

2.2. Recycled polypropylene (rPP)

2.2.1. Nanoclay
Tri Phuong et al. (2008) prepared the rPP/nanoclay nanocom-

posite at different concentrations of nanoclay and PP grafted with
maleic anhydride (PPgMA) compatibilizer. They found that the
nanoclay loading of 4 wt.% and PPgMA content of 20 wt.% created
the best results of impact and tensile strength, even better than
those of virgin PP (vPP). Further addition of PPgMA does not im-
prove the performance of nanocomposite. The concentration of
compatibilizer may surpass a saturation level and a part of this
compatibilizer may be located in the interphase between polymer
matrix and organoclay and another one being dispersed in the ma-
trix which disturb the homogeneity of system.

Cengiz studied the rPP/organoclay nanocomposite containing
Ethylene–methyl acrylate–glycidyl methacrylate (E–MA–GMA)
and PPgMA compatibilizers (Cengiz, 2008). The organoclay loading
over 2 wt.% prevented the intercalation mechanism suggesting the
minor properties even in the presence of compatibilizer. The
PPgMA was pronounced as a better compatibilizer and also, the
improvement of both tensile and impact properties were greater
at compatibilizer to organoclay ratio of three. The nanocomposite
of rPP and Cloisite 15A provided the highest improvement in
mechanical properties. In addition, the remarkable enhancement
of dispersion level and mechanical properties was observed when
the extrusion temperature and screw speed were kept at 180 �C
and 350 rpm, respectively.

2.2.2. CaCO3 nanoparticles
Elloumi et al. (2010) studied the effect of CaCO3 nanoparticles

on the virgin and recycled PP. Although CaCO3 nanoparticles were
Fig. 3. The maximum improvement percentage of tensile modulus for rPET
nanocomposites in Refs: (a) Kerboua et al., 2010; (b) Bizarria et al., 2007; (c)
Kráčalík et al., 2007b; (d) Giraldi et al., 2008; (e) Pegoretti et al., 2004; (f) Kráčalík
et al., 2007c; (g) Kelnar et al., 2010; (h) Hamzehlou and Katbab, 2007 and (i) Basilia
et al., 2011.
surface modified, non-uniform dispersion of nanoparticles in the
matrix was shown. Also, the reduction of ductility by the addition
of CaCO3 nanoparticles indicated to a reduction in the matrix
deformation attributed to the introduction of mechanical stresses
by non-deformable filler particles. At low frequencies, the loss
modulus (G00) of rPP was greater than the storage modulus (G0)
and the material behaved as a viscous liquid until the crossover
whereas after reaching the crossover frequency, the material be-
haved as a solid material. The yield strength and strain of vPP de-
creased gradually by increasing CaCO3 loading, while its Young’s
modulus increased slightly. These phenomena were less pro-
nounced for rPP.

2.2.3. Carbon nanotubes (CNTs)
Long et al. prepared the rPP/CNTs nanocomposite by melting

method (Gao et al., 2011). The thermal degradation of nanocom-
posite shifted to higher temperatures as the content of CNTs in-
creased. More, no additional mass loss has been noticed as the
temperature of the rPP/CNTs nanocomposite increased from
700 �C to 1000 �C. The mechanical properties of prepared nano-
composite are observed in Fig. 4. With increasing CNTs content
up to 3 wt.%, the tensile strength and elongation at break increased
but a downturn in mechanical properties occurred at 5 wt.% of
CNTs attributed to the presence of small bundles of CNTs in the
prepared samples.

2.2.4. Ternary nanocomposites
Mural et al. (2011) optimized the blend of rPP and waste high

impact polystyrene (rHIPS) at a composition of 70/30 wt.% based
on the mechanical performance. Then, this composition was mixed
with a SEBS triblock copolymer and Cloisite 20A nanoclay. The
samples prepared with 3 wt.% of nanoclay displayed the absence
of characteristics peak of nanoclay in XRD, indicating a mixed
intercalated and exfoliated clay layers where the intercalated lay-
ers were further pushed toward the interphase (Santana and Man-
rich, 2003). The incorporation of compatibilizer and nanoclay
improved the thermal stability of PP/HIPS blend. The SEBS and
nanoclay acted as an interfacial compatibilizer, which led to the
reduction in particle size of rHIPS and promotion of effective inter-
facial adhesion.

The optimized parameters for preparation of rPP nanocompos-
ites are briefly observed in Table 3. It is shown that the lower con-
centration of different nanofiller such as nanoclay, CaCO3 and CNTs
has a positive effect on the rPP properties. Also, the application of
PPgMA compatibilizer causes a more improvement of perfor-
mance. In addition, the nanofiller could develop the blend of two
waste polymers, especially in the presence of a compatibilizer for
enhancement of interfacial adhesion.

2.3. Recycled high density polyethylene (rHDPE)

2.3.1. Nanoclay
Lei et al. (2007) used both maleated polyethylene (MAPE) and

titanate for compatibilization of rHDPE with nanoclay. Both com-
patibilizers could improve the compatibilization of components
but the best results of mechanical properties were obtained at
equivalent contents of nanoclay and MAPE at 1 wt.%. Without com-
patibilizers, the addition of nanoclay reduced the temperature and
rate of crystallization and also, the degree of crystallinity while the
addition of 2.5 wt.% of MAPE increased them. Moreover, the sam-
ples produced by a two-step blending method demonstrated the
completely exfoliated clay platelets because more shear stress is
applied for dispersion of the silicate layers.

Hill (2005) focused on the improvement of mechanical proper-
ties of rHDPE through the addition of MMT and bentonite types of
nanoclay, cellulose fibers, and a combination of nanoclay and



Fig. 4. The mechanical properties of rPP/CNTs nanocomposite (Gao et al., 2011).
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cellulose fibers . The Cloisite 20A was found as the most compati-
ble clay for this system due to its nature. The interactions between
the PEgMA and the clay introduced the PEgMA as a more effective
compatibilizing agent at higher clay loadings. Also, it was shown
that the bentonite could compete with the Cloisite 20A nanoclay
in the imparted mechanical properties. More, the grafting of maleic
anhydride onto rHDPE during compounding provided a better ten-
sile modulus. For all clay types, an increase in modulus was ob-
served by addition of 1 vol.% of nanoclay. However, only Cloisite
20A showed the enhancement of modulus with addition of more
nanoclay in this system. In the hybrid system, the nanoclay pro-
vided the effective stiffening while the cellulose caused an efficient
strengthening.

Hemmasi et al. (2011) studied the influence of nanoclay loading
on the water absorption and thickness swelling of rHDPE/wood
composite. The nanoclay inhibited the water permeation in the
polymer matrix based on its hydrophilic nature while the surface
tended to immobilize some of the moisture (Rana et al., 2005), or
surfactant-covered clay platelets formed a tortuous path for water
transport (Alexandre et al., 2009; Bharadwaj et al., 2002). Also, the
possible reason for less water uptake could be the existence of
nanoclay as a nucleating agent.
2.3.2. Graphene nanoparticles
Reddy investigated the effect of graphene nanoparticles on the

properties of rHDPE (Jannapu Reddy, 2010). The large improve-
ment of properties was observed only with a little content of
graphene due to the separation of single graphene sheet to 1 nm.
It was reported that only about 0.25 wt.% of graphene introduced
more tensile modulus, dielectric constant (k) and thermal conduc-
tivity in rHDPE nanocomposite and the properties improved more,
when the graphene content increased. Fig. 5 illustrates the tensile
Table 3
The best condition for manufacturing rPP nanocomposites.

Parameter Optimal condition

Nanofiller condition 4 wt.% of nanoclay
2 wt.% of Cloisite 15A
3 wt.% of CaCO3

3 wt.% of CNTs
Compatibilizer content 20 wt.% of PPgMA

Compatibilizer to organoclay ratio of thre
Process condition 180 �C and 350 rpm
Optimization of PP/HIPS 70/30 wt.% of blend with 3 wt.% of nanoc
modulus of rHDPE/graphene nanocomposite. As shown, the graph-
ene has a most positive effect on the tensile modulus of rHDPE.

The most favorable condition for obtaining the optimized
rHDPE nanocomposites is observed in Table 4. It is concluded that
only extremely slight contents of nanofillers can significantly im-
prove the properties of rHDPE.

2.4. Recycled Polyvinyl chloride (rPVC)

2.4.1. Nanoclay
Yoo et al. (2004) prepared the rPVC/clay nanocomposite by melt

mixing. In the case of 10 wt.% of nanoclay, the characteristic peak
of clay was completely disappeared. Also, the coefficient of thermal
expansion decreased with addition of nanoclay. The mechanical
properties of the nanocomposite increased simultaneously for var-
ious clay loadings, 1, 3, 5 and 10 wt.%. Further, the thermal decom-
position behavior and linear dimensional of nanocomposite
improved proportionally to the contents of nanoclay. The thermal
degradation of PVC leads to the evolution of hydrogen chloride
gas, wide discoloration of PVC and reduction of physical and
mechanical properties. It was also found that at 55 �C, the storage
modulus of nanocomposite composed of 10 wt.% of nanoclay was
11 times higher than that of neat rPVC.

2.4.2. CaCO3 nanoparticles
Andričić et al. (2008) added the virgin PVC (vPVC) and CaCO3

nanoparticles to a waste laminate containing PVC, CaCO3 and PP
in the contents of 40, 25, and 10 wt.%, respectively. SEM images
showed the agglomeration of the nanofiller most probably due to
the differences in polarity of polymer and nanofiller as well as
the insufficient dispersion in the mixing process. The filler made
a new interlayer between two polymer phases which could im-
prove their compatibility. The tensile strength and elongation at
break of PVC sheets containing 10, 20 and 30 wt.% of waste lami-
nate (1, 2 and 3 wt.% of PP) decreased as PP content increased. In
the samples with lower PP content, mechanical properties got bet-
ter as the filler content increased, while with higher PP content,
mechanical properties reached its maxima at about 6 wt.% of
CaCO3 content. It was clear that PVC and PP could not be efficiently
recycled without some compatibility improvement.

In conclusion, rPVC and also the waste blends and composites
can be recycled by nanoclay and CaCO3 at different concentrations.
Especially in the case of blends and composites, some compatibil-
ity should be induced for efficient improvement of properties.

2.5. Recycled polystyrene (rPS)

2.5.1. Nanoclay
Liu et al. (2007) prepared a novel superabsorbent nanocompos-

ite based on partially neutralized acrylic acid, rPS foam, and so-
dium type MMT (Na-MMT) through emulsion polymerization.
The results showed that acrylic acid monomer successfully grafted
onto the PS chain and the layers of Na-MMT were exfoliated after
References
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Elloumi et al. (2010)
Gao et al. (2011)
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lay and 5 wt.% of SEBS compatibilizer Mural et al. (2011)



Fig. 5. The tensile modulus of rHDPE/graphene nanocomposite (Jannapu Reddy,
2010).

Table 4
The most favorable condition for fabrication of rHDPE nanocomposites.

Parameter Optimal condition References

Nanofiller condition 1 wt.% of nanoclay Lei et al. (2007)
Cloisite 25A Hill (2005)
Higher contents of graphene
(maximum 8 wt.% was reported

Jannapu Reddy
(2010)

Compatibilizer 1 wt.% of MAPE Lei et al. (2007)
MAPE especially at higher
clay loadings

Hill (2005)

Fig. 6. The impact strength of rPBT nanocomposite containing different nanopar-
ticles (Zhang et al., 2009a).
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copolymerization. The addition of Na-MMT not only enhanced the
thermal stability of the composite, but also increased the content
and rate of water absorbency.

2.6. Recycled polymethyl methacrylate (rPMMA)

Martin et al. (2008) investigated the nanocomposite of rPMMA
with both natural and organically modified silicate layers. There
was no improvement in thermal properties of nanocomposites
but at higher dispersion degree, the nanocomposites showed high-
er transparency extent. The tensile modulus increased with nano-
clay content for both nanoclays which introduced nanocomposites
with attractive properties by the maintenance of transparency and
thermal properties of waste matrix.

2.7. Recycled polybutylene terephthalate (rPBT)

Zhang et al. (2009a) improved the mechanical properties of
recycled glass fiber reinforced flame retardant PBT with three types
of nanoparticles including SiO2, MMT and mica. Fig. 6 presents the
impact strength of prepared samples with different nanoparticles.
The samples containing SiO2 and mica show the best improvement
of impact strength at 1 wt.% concentration. In these nanocompos-
ites, a strong adhesion which acts as an effective bridge for the or-
ganic resin to pass the stress to the inorganic particles was
provided. The MMT inversely caused the reduction of impact
strength due to reduction in chain mobilities. Also, the tensile
and flexural strength of nanocomposites showed this trend but,
the heat distortion temperature (HDT) increased with addition of
SiO2 and mica. Further, the addition of nanoparticles did not signif-
icantly affect the electrical and flame retardant properties.
Lastly, it is demonstrated that the different nanofillers have a
dissimilar effect on the waste polymers and the optimized condi-
tion should be determined for development of nanocomposites
from waste products.
3. Conclusion and future trends

The current study shows that the application of much low content
of nanofillers can be an efficient technique for recycling of polymers,
composites and blends. Various nanoparticles such as nanoclay,
CaCO3, CNTs, SiO2, mica and graphene have been used for recycling
which should be developed for all waste polymers. Also, it is
indicated that the application of a compatibilizer for recycling of
polymers, particularly blends and composites are more useful.

However, with the objective to a successful and economic recy-
cling in which the recycled polymer has more acceptable charac-
teristics, more investigation must be made on the whole aspect
of recycling process to enhance the competitiveness in these sys-
tems. The first step may be the improvement of interaction and
interfacial adhesion in prepared nanocomposites. Compatibilizing,
functionalizing and surface modification procedures can be devel-
oped in the future works. Further, the addition of effective nanof-
illers including available nanofillers or a combination of
nanofillers is suggested which will provide further progress and
new opportunities in these materials. In addition, the development
of various preparation techniques and also, optimization of melt
mixing process should be carried out attributed to its important ef-
fect on the final properties.

Finally, it is indicated that the products prepared through the
addition of nanoparticles to the recycled polymers can offer the
unexpected combinations of improved properties, low-weight,
ease of processing, and low cost which is not easily and concur-
rently found in other manufactured goods.
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Andričić, B., Kovačić, T., Klarić, I., 2008. Properties of recycled material containing
poly (vinyl chloride), polypropylene, and calcium carbonate nanofiller. Polymer
Engineering & Science 48, 572–577.

Ansari, R., Alikhani, A.H., 2009. Application of polyaniline/nylon composites coating
for corrosion protection of steel. Journal of Coatings Technology and Research 6,
221–227.



604 Y. Zare / Waste Management 33 (2013) 598–604
Basilia, B.A., Mendoza, H.D., Cada, L.G., 2011. Synthesis and characterization of
RPET/organo-montmorillonite nanocomposites. Philippine Engineering Journal
23, 19–34.

Bharadwaj, R., Mehrabi, A., Hamilton, C., Trujillo, C., Murga, M., Fan, R., Chavira, A.,
Thompson, A., 2002. Structure–property relationships in cross-linked
polyester–clay nanocomposites. Polymer 43, 3699–3705.

Bizarria, M., Giraldi, A.L.F.M., de Carvalho, C.M., Velasco, J.I., d’Ávila, M.A., Mei, L.H.I.,
2007. Morphology and thermomechanical properties of recycled PET–organoclay
nanocomposites. Journal of Applied Polymer Science 104, 1839–1844.

Braun, D., 2004. Poly (vinyl chloride) on the way from the 19th century to the 21st
century. Journal of Polymer Science Part A: Polymer Chemistry 42, 578–586.
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