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Abstract

Polymer nanocomposites containing carbon nanoparticles have exhibited remarkable
thermal, mechanical and electrical properties. This review is concerned with a narrow
sector  of  polymer nanocomposites,  namely those based on engineering polyesters,
which  are  of  great  industrial  interest.  The  various  functionalization  methods  of
modifying carbon nanotubes and graphene derivative forms to allow interacting with
polymer  matrices  will  be  summarized.  Moreover,  the  review  on  the  processing
techniques of obtaining polymer nanocomposites with the emphasis of their effect on
the final properties of the obtained material will be highlighted. The light will be also
shed on the nanofiller dispersion in the polymer matrix. Finally, the opportunities and
challenges in the high‐performance polymer nanocomposites will be presented.

Keywords: polymer nanocomposites, thermoplastic polyesters, carbon nanoparticles

1. Introduction

Engineering  polyesters,  such  as  poly  (ethylene  terephthalate)  (PET)  and  poly  (butylene
terephthalate) (PBT), constitute a group of engineering thermoplastics. However, this group
is  now  expanded  by  new  members  of  the  polyester  family,  that  is,  poly  (trimethylene
terephthalate)  (PTT) and poly (ethylene‐2,  6‐naphthalate)  (PEN).  They combine excellent
mechanical,  electrical  and  thermal  properties  with  very  good  chemical  resistance  and
dimensional stability. Moreover, with excellent processing characteristics and high strength
and rigidity, they are widely used in industrial applications. However, still at a commercial
level  the  aforesaid  properties,  one  can  further  improve  through an  addition  of  suitable
modifying agents such as nanofillers. There is a wide array of organic and inorganic nanofillers
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some of  which have been studied more  thoroughly  than others.  An addition of  carbon
nanofillers (CNF) such as carbon nanotubes (CNT) and graphene derivative forms (GDF) may
seem particularly interesting from the point of view of their influence on the enhancement of
a wide array of material characteristics.

The properties of polymer nanocomposites that can be improved due to the presence of carbon
nanoparticles (CNP), such as carbon nanotubes (single‐ and multi‐walled carbon nanotubes)
and graphene derivatives (graphene, expanded graphite, graphene oxide, etc.), include tensile
strength, tensile modulus, toughness, thermal properties, electrical and thermal conductivity,
optical and barrier properties. However, the aforementioned properties one can obtain only
when the nanofillers are uniformly dispersed and aligned in the polymer matrix. However,
since carbon nanoparticles usually tend to form aggregates/agglomerates due to the van der
Waals interactions, obtaining proper dispersion is a critical issue. The functionalization of CNP
is an effective way to prevent their aggregation, which helps for a better disperse within the
polymer matrix. The second approach is the preparation method such as solution mixing, melt
blending and in situ polymerization. Herein, the study on the functionalization of carbon
nanoparticles and preparation of polymer nanocomposites will be emphasized.

There are several approaches for developing multifunctional polymer nanocomposites
utilizing unique properties of carbon nanotubes and graphene derivatives. The key issue is the
development of methods that improve the dispersion of carbon nanoparticles in the polymer
matrix since the proper dispersion enhanced the properties in the strongest manner. Addi‐
tionally, the light will be shed on the influence of CNP on the crystallization behavior of the
selected engineering polyesters, especially on PET and PTT. Despite various methods of
obtaining polymer nanocomposites, such as melt blending or in situ polymerization, there are
still challenges and opportunities that need to be found in order to improve the dispersion and
thus modify the interfacial interactions. Therefore, the greatest emphasis will be placed on the
in situ polymerization method, which in our opinion seems to have the greatest opportunity
to transfer into an industrial scale.

2. Functionalization of carbon nanoparticles (CNP)

2.1. Functionalization of CNT

Because CNT usually tend to agglomerate due to van der Waals forces, one can find dispersing
and aligning CNT in the polymer matrix extremely difficult. Therefore, a valid approach
toward developing high‐performance polymer/CNT nanocomposites is to implement indi‐
vidual CNT into the polymer matrix in order to achieve better alignment and dispersion, strong
interfacial interactions and improvement in the load transfer across the CNT‐polymer matrix
interface [1]. One can find functionalization of CNT as an effective way to prevent nanotube
aggregation, which allows for a better dispersion and stabilization of the CNT within a polymer
matrix. There are many approaches for functionalization of CNT, and however, defect
functionalization, covalent functionalization and non‐covalent functionalization [2] will be the
main ones described herein.
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In the methods of defect functionalization, defects are preferentially observed at the open ends
of CNT [1]. CNT are purified by oxidative methods in order to remove amorphous carbon or
metal particles from the raw materials [3, 4]. The purified single‐walled carbon nanotubes
(SWCNT) comprise oxidized carbon atoms in the form of –COOH group [5, 6]. In these
oxidizing methods, SWCNT are fractured to very short tubes with lengths of 100–300 nm [7].
The functionalized CNT are more soluble in organic solvents than raw CNT [1].

The non‐covalent functionalization of nanotubes is of particular interest because without
affecting the physical properties of CNT it improves solubility and processability. This type of
functionalization mostly engages surfactants, bio‐macromolecules or polymers’ wrapping. In
one of the nondestructive purification methods, nanotubes can be transferred to the aqueous
phase in the presence of surfactants [8, 9], where the nanotubes are surrounded by the
hydrophobic components of the corresponding micelles. The interactions become stronger
when the hydrophobic part of the amphiphilic contains aromatic group. CNT can be well
dispersed in water using anionic, cationic and nonionic surfactants [10–13]. The interactions
between CNT and the surfactants depend on the nature of the surfactants (its alkyl chain
length, headgroup size and charge). Moreover, the dispersion of CNT in both water [14, 15]
and organic solvents [16] may be further improved by the physical coupling of polymers with
CNT, which can be explained by the ‘wrapping’ mechanism [15] attributed to the specific
interactions between the polymer matrix and CNT. The supramolecular complexes can be
formed when the polymers wrap around CNT [17, 18], where the π‐stacking interactions
between the polymer and the nanotube surface are responsible for the close coupling of the
structures [1]. Moreover, the non‐wrapping approaches have also been used for the dispersion
and solubility of CNT in different media [19, 20]. In both cases, copolymers efficiently act as
stabilizers and may be tailored so as to disperse the tubes in a variety of solvents.

In the case of covalent functionalization, the translational symmetry of CNT is discomposed
by changing sp2 to sp3 carbon atoms, and thus their properties, such as electronic and
transport, are affected [21]. However, this type of CNT functionalization can improve both
solubility and dispersion in solvents and polymers. Moreover, such improvement can be
achieved by modification of surface‐bound carboxylic acid groups on the nanotubes or direct
reagents to the side walls of nanotubes [1]. In general, functional groups such as carboxyl or
hydroxyl groups are initiated on the CNT during the oxidation process using various oxidizing
agents, among others oxygen, air, concentrated sulfuric acid, nitric acid, aqueous hydrogen
peroxide and mixture of acids [7, 22]. The presence of such groups on the nanotube surface
allows attaching organic [23, 24] or inorganic materials, which is important from the solubi‐
lizing point of view. However, the presence of –COOH groups on the nanotube surface is more
suitable than the others groups due to a variety of chemical reactions that can be conducted
with this group. In order to enhance CNT’ dispersion and solubilization in solvents and in
polymer matrices, CNT can be either functionalized at end caps or at the sidewall [25, 26].
Functionalization with polymer molecules (polymer grafting) [27, 28] is of particular interest
from processing of polymer/CNT nanocomposites’ standpoint. Two main categories, that is,
“grafting to” and “grafting from” approaches, have been reported for the covalent grafting of
polymers to nanotubes [1]. The “grafting to” approach consists in attaching as‐prepared or
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commercially available polymer molecules on CNT surface via chemical reactions, such as
esterification, amidation, radical coupling, etc. [1]. In this approach, the polymer has to possess
suitable reactive functional groups for preparation of composites, whereas, in the “grafting
from” approach, the polymer is combined with CNT surface through polymerization of
monomers in the presence of reactive CNT or CNT supported initiators. The greatest advant‐
age of this approach is that the polymer/CNT composites can be prepared with high grafting
density [1].

The last method of functionalization of CNT raised herein is the “click” chemistry that is an
ideal reaction for material synthesis and modification and for self‐assembly of nanomaterials.
It also provides an unexpected advantage of introducing azide and alkyne groups into organic
and polymer molecules, the stabilization of these groups in many reaction conditions, etc. [1].
The click chemistry benefits its toleration of other functional groups, a short reaction time, high
yield, high purity and regiospecificity, as well as its suitability for the use under aqueous
conditions [29]. The wide range of examples of applying the click chemistry has been presented
by Sahoo et al. [1]. By using this approach, CNT can be easily functionalized with desired
molecules, which enhance their importance from nanoelectronics to nanobiotechnology. The
breadth of attached molecules can enhance the validity of click chemistry and opens the new
prospect of CNT‐based nanomaterials.

2.2. Functionalization of graphene sheets

By the reason of great interest of using graphene as a reinforcing filler of polymer matrices in
order to obtain multifunctional materials, a variety of methods for the graphene surface
modification has been developed [30]. Among many other factors, the nature of the interfacial
interactions between the filler and the matrix has a significant impact on the final properties
of the composite material. At the same time, most dispersion methods allow to obtain
composites where polymer matrix and the filler interact through relatively weak dispersive
forces. Thus, there is a growing research interest on introducing covalent bonding between
GDF and the polymer matrix, since the chemically functionalized graphene can be processed
further by solvent‐assisted techniques [31]. Moreover, the proper functionalization of
graphene sheet staves off further agglomeration of single‐layer graphene (SLG) during
reduction in solvent phase and supports the maintenance of the inherent properties of
graphene. Graphene oxide (GO) has been widely employed as a starting material for the
synthesis of GDF. There are several methods for producing GO from natural graphite, and
however, the modified Hummers method is the most fruitful nowadays [32]. The surface of
GO sheet, which is highly oxygenated, can significantly alter the van der Waals interactions
and lead to a range of solubility in water and organic solvents [31], while, in order to prepare
graphene, the chemical, thermal or photochemical reduction in GO needs to be carried out.
Nonetheless, the GO reduction without suitable stabilizers leads to precipitation of graphite
particles restacking due to the rapid and irreversible aggregation of graphene sheets. There‐
fore, prior to the reduction process, surface modification of GO sheets is usually carried out
by covalent modifications or non‐covalent functionalization, followed by reduction. The
covalent modification of graphene can be achieved in four different ways: nucleophilic
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substitution, electrophilic addition, condensation and addition [31]. The first method takes
place very facilely, both at room temperature and in an aqueous medium. Thus, the nucleo‐
philic substitution is handled to be a promising method for a large‐scale production of
functionalized graphene. Additionally, all types of aliphatic and aromatic amines, amino acids,
amine terminated biomolecules, ionic liquids, small molecular weight polymers, etc. have been
successfully applied in the preparation of functionalized graphene [31]. Electrophilic substi‐
tution reaction with graphene involves the displacement of the hydrogen atom by an
electrophile. An example of such reaction can be the spontaneous grafting of aryl diazonium
salt to the surface of graphene [33]. In turn, a condensation reaction is a chemical reaction in
which two molecules (functional groups) combine with another in order to form one single
molecule with a loss of entropy. In this case, condensation occurs with isocyanate, diisocyanate
and amine compounds through the formation of amides and carbamate ester linkages [31],
while, in the last method, in organic addition reactions, two or more molecules combine to
form a larger molecule. Many examples of the above‐mentioned method provide Kuila et al
[31] in the review study on the chemical functionalization of graphene.

Similarly as in the case of CNT, the non‐covalent interactions primarily involve van der
Waals, hydrophobic and electrostatic forces and require the physical adsorption of suitable
molecules on the surface of graphene. Non‐covalent functionalization is achieved by poly‐
mer wrapping, adsorption of surfactants or small aromatic molecules, etc. [32]. Further‐
more, one can utilize GDF as a support to disperse and stabilize nanoparticles [30].
Particularly interesting tend to be metallic nanoparticles that can play an important role in
wide number of applications such as display devices, microelectronics, photovoltaic cells,
but also in medical or biological applications. The majority of the papers concerning the
preparation and applications of the new class of graphene‐based materials utilize precious
metals like gold [34, 35], platinum [36], palladium [37] and silver [38]. However, there is also
a growing interest in the use of other metals like, iron, cooper, tin and cobalt [32]. Muszyn‐
ski et al. [39] presented the preparation of graphene/metal material using organic spacers,
like octadecylamine, to anchor the metallic nanoparticles to the graphene surface or organic
solvents such as tetrahydrofuran, methanol and ethylene glycol. Nevertheless, the in situ
synthesis of the metal nanoparticles in the presence of GO has received particular interest,
as it enables control over the growth of the nanoparticles on the surface of graphene
through the utilization of the precursors of the metallic particles, which are then subjected
to reduction by the addition of reducing agents and reducing GO at the same time. Inas‐
much as the functionalization of graphene via different chemical, electrochemical and other
methods has been discussed above, and since the reduction is an essential step to obtain
functionalized graphene from functionalized GO, few words will be given below. The most
commonly used reducing agents that can be applied in the reduction in pure GO or func‐
tionalized GO are hydrazine monohydrate, sodium borohydrydride (NaBH4), p‐phenylene
diamine, hydroquinone and sodium hydrosulfite [40, 41]. However, these chemicals are haz‐
ardous to human health and the environment. Therefore, some alternative methods have
been recently proposed [42, 43].

Multifunctional Polymer Nanocomposites Based on Thermoplastic Polyesters
http://dx.doi.org/10.5772/66121

127



3. Preparation of polymer/CNP nanocomposites

To enlarge the benefits of CNP as effective reinforcement for high strength polymer nanocom‐
posites with at the same time improved electrical, thermal and/or barrier properties, etc., the
CNP should not form aggregates/agglomerates and must be well dispersed to enhance the
interfacial interactions with polymer matrix. In past review paper, several processing methods
available for fabricating CNP/polymer composites based on either thermoplastic or thermo‐
setting matrices have been described [30, 44, 45]. They mainly include melt blending, in situ
polymerization and solution mixing.

3.1. Melt mixing

Melt mixing is a typical and simple method, particularly useful for thermoplastic polymer
nanocomposites. It is an eco‐friendly, cheap and suitable method for mass production in
industrial applications. The compounding is generally achieved in a single‐ or twin‐screw
extruder where the polymer and the nanoparticles mixture are heated to form a melt [46]. CNP
are mechanically dispersed in a polymer matrix using a high temperature and high shear force
mixer. The shear forces help to break apart the nanofiller aggregates/agglomerates or prevent
their formation. Better dispersion is achieved with MWCNT than SWCNT [47]. Moreover, by
changing the process conditions, that is, screw configuration, one can better control shear and
mixing. Another advantage of melt mixing is the lack of necessity of using organic solvents
during the process. The prepared CNP/polymer nanocomposite (usually in the form wire) one
can further processed using the typical processing techniques such as injection molding, profile
extrusion, blow molding, etc. However, the large number of variables referring to the process
(temperature, screw‐speed and shear stress) but also to the characteristics of the nanofillers
(agglomerate structure, packing density, length to diameter ratio and purity) requires proper
optimization of process parameters. Additionally, the polymer matrix (mainly its viscosity)
can affect the quality of the dispersion. Thus, the amount of CNT introduced in melt mixing
process must be lower due to high viscosities of the composites at higher loading of CNT [48].
Most of the studies reported CNT‐based nanocomposites involved polymer matrices such as
polyolefins, polystyrene (PS), polycarbonate (PC) but most of all polyesters [44, 45, 49].
However, no significant improvement in mechanical properties was observed in the melt
blended nanocomposites. Only in case of functionalized nanotubes that interacted with
polymers containing functional groups, one can observe the enhancement in the degree of
dispersion along with the enhancement in selected physical properties [50]. On the other hand,
in the case of GDF/polymer nanocomposites, there are a limited number of studies. Probably,
low thermal stability of most chemically modified graphene derivatives and the low bulk
density of graphene makes the use of melt processing difficult. Despite the fact that high shear
melt mixing has been used to fabricate GDF‐based nanocomposites with polylactid (PLA) [51],
PET [52], etc., high shear forces can cause buckling, rolling or shortening of graphene sheets
[53], thus reducing its aspect ratio.
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3.2. Solution mixing

Solution mixing is another approach of producing polymer nanocomposites containing
CNT and GDF. This is a widely used method due to the facile nature of the process consist‐
ing of the dispersion of nanoparticles in a polymer that is dissolved in a solvent before cast‐
ing in a mold and evaporating the solvent. The difficulties with obtaining proper dispersion
of CNP in the solvent by simple stirring are well known. Therefore, a high power ultrasoni‐
cation process, which found to be more effective, is applied more and more often. The ag‐
gregates/agglomerates of CNP can be effectively crumbled utilizing the multitasking of
ultrasonication. However, the crucial challenges in solution mixing are to minimize the re‐
sidual solvents [54] and obtain proper dispersion of the fillers in viscous polymeric solu‐
tions [55]. Therefore, in the case of thermoplastic polyesters, which have excellent resistance
to most substances, such as acids, oxidizers (ex. hydrogen peroxide), hydrocarbon fuels,
oils, and lubricants, this method does not find a wider use. Despite the fact that the solution
mixing generally leads to better particle dispersion than melt mixing process, slow solvent
evaporation often induces particle re‐aggregation, especially since the complete drying to
eliminate residual solvents is needed. The aggregated graphene or GO nanoplatelets, due to
the poor solubility or gravimetric precipitation by unexfoliated graphene or GO nanosheets,
are a critical problem often occurring in nanocomposites obtained via solution mixing.
Therefore, in the case of GO, its thermal reduction should be carefully considered because
GO can easily decompose, even at low temperatures (below 150°C). This can often lead to
the local structural deformations in the polymer matrix that cause a significant loss of the
physical properties in the obtained polymer nanocomposites. However, the solution mixing
approach is a convenient method when residual solvents can be eliminated completely and
an excellent dispersion can be achieved.

3.3. In situ polymerization

In situ polymerization method is another way for preparing homogenously distributed
CNT and GDF in the polymer matrix, where nanoparticles are dispersed in monomer fol‐
lowed by polymerization. A higher percentage of CNP may be easily dispersed in this
method, and however, the viscosity generally increases, which may cause deterioration in
processability of nanocomposites [55]. In comparison with melt and solvent mixing meth‐
ods, in situ polymerization may amend the dispersion state and cause better compatibility
between CNP and the polymer through the introduction of additional functional (active)
groups on the nanoparticles surfaces but also due to the additional step of dispersing proc‐
ess (mechanical stirring and ultrasonication) that can be added in advance [55–58]. Besides,
this method requires monomer units and a lot of reagent for the polymerization procedure,
and thus, it might be less applicable in the case of naturally existing polymers [59]. More‐
over, in situ polymerization should also be performed in the solution state. Therefore, the
elimination of residual solvents should be addressed when one uses the solution mixing
method [55].
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4. Functional properties of polymer/CNP nanocomposites

4.1. Morphology and crystallization behavior

Since properties enhancement strongly correlates with nanocomposite microstructure, proper
characterization of morphology is important to establish structure‐property relations for these
materials. Lots of research efforts have been directed toward manufacturing polymer
nanocomposites containing CNP for functional and structural applications [60, 61]. However,
it is worth mentioning that the nature of the dispersion problem for CNT differs from other
conventional fillers, such as spherical particles and carbon fibers, due to the small diameter
in nanometer scale with high aspect ratio (>1000) and thus extremely large surface area of
CNT [62]. Ma et al. [62] compared the dimensions of commonly used fillers, including carbon
fibers, Al2O3 particles, graphite nanoplatelets (GNP) and CNT and the number of particles
corresponding to a uniform filler volume fraction of 0.1% in a composite of 1.0 mm3 cube.
They found that in the composite, only two pieces of Al2O3 particles can be found, and this
number increases to 65 thousands when GNP are added and further increases to ca. 442 
million pieces when CNT are introduced, all with the same filler volume fraction. Therefore,
aforementioned observation clearly displays that simply due to the sheer order of magnitude
a uniform dispersion of CNT in a polymer matrix is more difficult than the other fillers.
However, as mentioned above the yield of CNP/polymer nanocomposite depends on the
dispersion of CNP in the matrix and interfacial interactions between the CNP and the polymer.
For instance, Yoo et al. [63] prepared PET nanocomposites by melt extruding mixtures of PET
and benzyl isocyanate and phenyl isocyanate functionalized MWCNT. Nanocomposites with
functionalized MWCNT showed better dispersion of nanotubes in the PET matrix due to
enhanced interactions between PET chains and nanotubes in comparison with pristine
MWCNT/PET and MWCNT‐COOH/PET nanocomposites. In turn, Jin et al. [64] used the
surface‐modified MWCNT having acid groups (acid‐MWCNT) and diamine groups (dia‐
mine‐MWCNT) in order to improve the dispersion of MWCNTs in PET matrix. Due to van
der Waals interactions, pristine MWCNT exhibited high degree of aggregation, whereas, the
acid‐MWCNT, which has been treated with sulfuric and nitric acids, showed a lower degree
of entanglement due to shortened nanotube lengths. Moreover, the diamine‐MWCNT was
also characterized by a lower degree of aggregation as compared to pristine MWCNT which
was attributed not only to the functional groups, such as carboxyl and diamine, but also to
their shorter lengths. The increased interfacial interaction was also evident in PET/diamine‐
MWCNT nanocomposites, resulting from good wetting of the diamine‐MWCNTs in the PET
matrix. This was explained by the fact that the acid and diamine groups on the surface of acid‐
MWCNT and diamine‐MWCNT, respectively, may have reacted with PET during in situ
polymerization, resulting in good dispersion of acid‐MWCNT and diamine‐MWCNT.
Additionally, Lee et al. [65] prepared via in situ polymerization PET‐based nanocomposites
with two types of functionalized MWCNT: methoxybenzoyl‐functionalized (MeO‐MWCNT)
and ethoxybenzoyl‐functionalized (EtO‐MWCNT) nanotubes. It was found that the PET/
MWCNT system has poor MWCNT dispersion in comparison with the PET/MeO‐MWCNT
system. However, EtO‐MWCNT in PET matrix was most homogeneously dispersed, and the
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interfacial boundary between EtO‐MWCNT and PET matrix was practically indiscernible. In
our previous study [58], nanocomposites based on poly (ethylene terephthalate) prepared by
in situ polymerization with expanded graphite (EG) were compared to those with function‐
alized graphite sheets (GO). It was found that no big difference in the level of filler dispersion/
exfoliation was observed (SEM) between GO and EG‐filled composites at the same loading of
0.4 wt.%, suggesting that at low loadings the presence of functional groups on the surface of
GO does not lead to significant improvement in GO exfoliation in PET matrix. However, GO
seemed to be covered with polymer matrix in the stronger manner, which might suggest that
some interactions between functional groups of GO and PET matrix occurred. The presence
of functional groups such as carboxylic groups on the surface of GO can improve interfacial
adhesion between graphene sheets and polymer matrix mainly due to the possible interaction
of hydrogen bonding between the COOH groups of GO and the ester groups in polymer
matrix, as it was described above for functionalized carbon nanotubes. However, in this case,
same was not observed.

In the case of research on other thermoplastic polyesters, similar remarks were made. For
instance, Szymczyk et al. [66] in the in situ prepared PTT/MWCNT‐COOH nanocomposites
observed homogenous distribution of carbon nanotubes in the PTT matrix. Individual
nanotubes, some entanglements or bundles of CNT, apparently pulled out from the matrix
during fracturing are observed on the surface. Moreover, most of the nanotubes showed
pulling out and sliding at the surface of nanocomposite, suggesting a limitation of load
transfer. Similar observations were seen for PTT‐based nanocomposites with pure (non‐
functionalized) MWCNT [67]. Despite the fact that control over the dispersion degree of
nanotubes in a polymer matrix is difficult due to strong intermolecular forces that exist
between nanoparticles, and lack of functional groups on the surface of CNT, we were able to
obtain well‐dispersed MWCNT in the whole volume of polymer matrix. As can be seen, the
high shear forces along with alternately applied ultrasounds introduced by high‐speed
mechanical stirring and sonication, followed by in situ polymerization, were sufficient to
disperse the MWCNT in PTT matrix. However, the residual functional groups on the surface
of GNS improved both the interfacial interaction with PTT chain and stabilize the dispersion
of MWCNT‐COOH, thus affecting electrical conductivity [68]. Several studies on the influence
of the functionalization of CNT on PBT‐based nanocomposites were also published by the
group of prof. Z. Roslaniec [69, 70]. In both cases, it was confirmed that functionalization of
nanotubes allows for the better distribution of nanotubes in the whole volume of polymer
matrix. Nanotubes seem to be wrapped with PBT matrix suggesting that a strong interaction
exists between the PBT matrix and functionalized MWCNT. Moreover, the presence of a
modified epoxy resin seems to stabilize the MWCNT dispersion by interaction with the PBT
matrix [71]. However, there is still no study on how the influence of the modification of
graphene surface affects the dispersion properties in PBT matrix. However, Fabbri et al. [72]
demonstrated that all prepared PBT/graphene composites showed a good dispersion of
graphene into the polymer matrix. Moreover, they proved that interfacial adhesion between
polymer and graphene nanoplatelets appeared thanks to the applied in situ polymerization
of the ultra‐low viscosity CBT oligomers. It is also worth mentioning that Kim et al. [73]
compared nanocomposites reinforced with graphite platelets to those with functionalized
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graphite sheets (FGS) prepared by partial pyrolysis of graphite oxide. FGS, a thermally
exfoliated graphite oxide and graphite were melt blended into PEN using a small scale, twin‐
screw extruder. It was found that in the case of PEN/graphite nanocomposites no delamination
of graphene layers was observed, since each stack was composed of ~100 single graphene
layers. This was probably due to strong van der Waals binding between the closely spaced
graphene layers. As compared to PEN/graphite composites, high aspect ratio FGS exhibit
better dispersion state in the whole volume of PEN matrix. The statistical analysis conducted
for 88 FGS particles yielded a thickness and mean diameter of 2.9 and 222 nm (~8 single
graphene layer—the interlamellar spacing equals 0.34 nm), respectively, which is far much
lower than in the case of PEN/graphite nanocomposites.

In the case of semicrystalline polymers, incorporation of nanofiller (depending on its type,
aspect ratio, etc.) can affect degree of crystallinity, crystallite size and spherulite structure and
can even cause crystallization of otherwise amorphous polymers [73, 74]. Depending on the
type of the polymer, incorporation of CNT and GDF has been reported to cause an increase [57,
63, 66, 75–77], decrease [78] or no change [79] in the degree of crystallinity of a semicrystalline
polymer matrix. Changes in the polymer melting and crystallization temperature have also
been reported [57, 66, 69]. Yoo et al. [63] observed that the crystallinity of the PET/functional‐
ized MWCNT nanocomposites was significantly higher than that of the pristine and acid‐
treated MWCNT. Nanotubes accelerated PET crystallization via change in conformation in the
ethylene glycol residue from gauche to trans conformation. In turn, graphene oxide nanosheets
displayed a nucleating effect on the PET crystallization due to the increase in the onset and
peak crystallization temperature of nanocomposites compared to neat PET [57]. The degree of
crystallinity of the nanocomposites containing of 0.3 and 0.5 wt.% of GO was higher than for
the neat PET. Analysis of nanostructure parameters for PET/0.5GO composite and neat PET
has shown that non‐isothermally crystallized composite and neat PET have comparable values
of long period. Moreover, the study on the isothermal cold crystallization of amorphous PTT
and its nanocomposites [66] revealed that the presence of MWCNT‐COOH affected the
crystallization rate, especially at higher concentration (0.3 wt.%) of CNT. The melting and glass
transition temperatures of nanocomposites obtained by non‐isothermal crystallization were
not significantly affected by the presence of CNT. Moreover, nanocomposites exhibited slightly
higher degree of crystallinity than neat PTT. Similarly, in PBT‐based nanocomposites [69],
carbon nanotubes accelerated crystallization during cooling and in consequence, the crystal‐
lization peaks of the DSC curves shifted toward higher temperatures. With increasing CNT
concentration (to 0.1 wt.% oxidized SWCNT), the crystallization temperature also increased,
suggesting that interactions between the CNT and the matrix occurred.

4.2. Mechanical properties

The extraordinary mechanical properties, low density and large aspect ratio [44, 45] make CNT
particularly attractive as candidates for the development of CNT‐reinforced polymer nano‐
composites. However, the in‐plane elastic modulus of pristine, defect‐free graphene is
approximately 1.1 TPa and is the strongest material that has ever been measured on a micron
length scale [80]. In both cases, processing and dispersion of CNT and GDF including GO in
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the polymeric hosts constitutes the main challenge before implementation of high‐perform‐
ance CNP‐based nanocomposites. So as mentioned before, the chemical functionalization of
the nanofillers has been found to be a feasible and effective way for improving the dispersion
of CNP and interfacial bonding between the CNP and the matrix. Indeed, a wide range of
polymer matrixes has been used for the development of such nanocomposites. The PET‐based
composites containing functionalized MWCNT showed a large increase in the tensile strength
and modulus [64]. The PET‐based composites containing diamine‐MWCNT exhibit maximum
tensile strength and modulus increases by 350 and 290% at 0.5 and 2.0 wt.%, respectively, as
compared to neat PET. In turn, Yoo et al. [63] observed that the addition of MWCNT‐benzyl
and MWCNT‐phenyl at the same loading of 3 wt.% improved the tensile strength and modulus
of the PET matrix. The MWCNT‐phenyl nanocomposite provided the most enhanced tensile
strength. The highest modulus was obtained in the PET/MWCNT‐phenyl composite. Consis‐
tently, it was concluded that the incorporation of functionalized MWCNT can make a great
input to the polymer reinforcement due to the enhancement of the dispersion of MWCNT in
the whole volume of polymer matrix and consequent stress transfer between MWCNT and
the matrix. In addition, Szymczyk et al. [66] demonstrated that along with the increasing
content of MWCNT‐COOH (to 0.3 wt.%) the tensile strength and Young's modulus also
increased. However, further addition of MWCNT (0.4–0.5 wt.%) lowered tensile strength and
Young's modulus, but their values were still comparable or higher (modulus) to neat PTT. The
values of elongation at break are higher or comparable to the neat PTT. Additionally, in PBT‐
based nanocomposites [69], it was observed that with an increase from 0.01 to 0.1 wt.% of
oxidized SWCNT, the Young's modulus, tensile strength and strain to failure increased. This
was probably due to better performance of the carbon nanotubes when incorporated in the
PBT. However, in the case of GDF‐based nanocomposites, not so many reports were published
on the improvement in thermoplastic polyester matrices. Several different types of GDF as
reinforcing agent in PET and PTT matrices were described in details in Ref. [81]. It was found
that the presence of the nanoparticles resulted only in a moderate (compared to the neat
polymer) increase in the mechanical properties, including tensile strength.

4.3. Thermal properties (thermal stability and dimensional stability)

The exceptional thermal properties of CNT and GDF and CNP‐based materials have been
harnessed as fillers to improve the thermal stability and dimensional stability of polymers.

A significant number of reports have reported increased thermal stability (typically defined
by the maximum mass loss rate measured by thermogravimetric methods) of polymers using
CNT and GDF as nanofiller, but herein only those referring to thermoplastic polyesters will be
mentioned. For instance, Yoo et al. [63] reported that the chemical modification of MWNT‐
COOH resulted in a higher degree of thermal degradation due to the COOH group. However,
the MWCNT‐benzyl and MWCNT‐phenyl showed higher thermal stability than pristine
MWCNT. On the other hand, Szymczyk et al. [66] showed that the thermal and oxidative
stability of PTT is independent of the COOH functionalized MWCNT content. Moreover, the
incorporation of expanded graphite and graphene nanoplatelets into PET and PTT matrices
[81] did not affect the thermal stability of the obtained via in situ polymerization nanocom‐
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posites at inert atmosphere. However, the addition of CNT and GDF individually and in the
mixture of both caused an enhancement of thermo‐oxidative stability (shifting the beginning
of the chemical decomposition temperature of up to 20–25°C).

4.4. Electrical conductivity

CNP exhibit high aspect ratio and high electrical conductivity, which makes them excellent
candidates for conducting composites. Percolation theory predicts that there is a critical
concentration at which composites containing conducting fillers in the insulating polymer
matrices become electrically conductive. The electrical percolation threshold in polymer/CNT
nanocomposites depends on the dispersion [82], alignment [82, 83], aspect ratio [82], degree
of surface modification [84] of CNT, polymer types [44, 45] and composite processing methods
[82]. However, in the case of GDF, although GO can be readily dispersed in many solvents
(even in water) and provides functional groups that allow for better interactions with polymer
chains, it is electrically insulating and thermally unstable [85]. Therefore, at least partial
reduction in graphene oxide is necessary to restore electrical conductivity. Bauhofer and
Kovacs [86] reviewed experimental and theoretical work on electrical percolation of carbon
nanotubes (CNT) in polymer composites. They gave a comprehensive survey of published
data together with an attempt of systematization. Therefore, only some newer papers on the
polymer/CNT nanocomposites will be mentioned along with review on the GDF‐based
nanocomposites. Zhang et al. [52] presented that the electrical conductivity of PET/graphene
composites increased rapidly from 2.0 × 10‐13 S/m to 7.4 × 10‐2 S/m with only small addition of
graphene (from 0.47 to 1.2 vol.%). On the other hand, the percolation threshold of PET/graphite
composites equals to 2.4 vol.%. The incorporation of EG to the PET resulted in a sharp insulator‐
to‐conductor transition with a percolation threshold (σc) as low as 0.05 wt.% [87]. Additionally,
the influence of the degree of crystallinity on the conductivity was studied. Amorphous films
found to be exhibited higher conductivity than semicrystalline films. In turn, Hernandez et al.
[88] compared how the preparation method affects the percolation threshold. Nanocomposites
prepared by direct mixing showed a low electrical percolation threshold (φ = 0.024 wt.% of
SWCNT) and were more transparent to light than samples prepared by in situ polymerization.
However the electrical percolation threshold of 0.9 wt.% has been found for PET/MWCNT,
nanocomposites prepared by coagulation method [89]. It was noticed that at 1 wt.% of MWCNT
loading, the conductivity level exceeded the antistatic criterion of thin films (1 × 10−8 S/cm). By
the addition of MWCNT into PTT matrix, the conductivity of nanocomposites increases by 10
orders of magnitude, approaching a value of 10−3 S/cm for PTT/0.3 MWCNT. The percolation
threshold was below 0.1 wt.% of nanotubes’ concentration. In turn, the PTT/MWCNT‐COOH
nanocomposites [66] at concentration below 0.2 vol.% (0.4 wt.%) exhibited strong frequency
dependence of the conductivity. In addition, in PTT‐based nanocomposites prepared via in
situ polymerization, the effect of the EG flake size on the electrical conductivity was measured
[90]. It was clearly found that smaller platelets (50 μm) enabled to obtain conductive thin
polymer films with a nanoplatelet content of 0.3‐0.5 wt.%. At the same time, nanocomposite
based on PTT with 0.5 wt.% of EG with the flake size of 500 μm proved to be nonconductive.
Moreover, Li et al. [91] demonstrated that the electrical volume resistivities decreased dra‐
matically at the exfoliated graphite (E × G)content between 3.0 and 5.0 wt.% for nanocompo‐
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sites based on PTT prepared via melt compounding. Additionally, the conductivity percolation
for PEN/FGS nanocomposites was obtained with as little as 0.3 vol.% FGS, whereas 3 vol.%
was required for graphite [77].

4.5. Gas barrier properties

There is a strong demand for improving the gas barrier properties of existing polymers used
in food packaging applications, which require the near‐perfect exclusion of gas molecules.
The high aspect ratio of GDF insinuates their potential use for reducing gas permeability of
polymer foils/films. Gas permeability through a polymer nanocomposite containing high
aspect ratio impermeable flakes can be significantly lowered via both reduced crosssection
for gas diffusion and a tortuous path mechanism [77]. Study of the oxygen transmission rate
through nanocomposite and neat PET films has shown that the exfoliated structure of GO in
PET matrix improved their oxygen barrier properties. The improvement in oxygen permea‐
bility for PET nanocomposite films at 0.3–0.5 wt.% loading of GO over the neat PET was
approximately factors of 2–3.3. These improvements in oxygen barrier properties of PET are
important from the application point of view in packing industry. Moreover, two series of
PTT nanocomposites with EG with the flake size of 50 and 500 μm [91] demonstrated a
significant enhancement in impermeability to CO2 and O2. The PTT/0.3EG50 μm and PTT/
0.5EG50 μm nanocomposites showed over 10‐fold improvement in barrier properties with
respect to carbon dioxide. However, the hydrogen permeability of PEN with 4 wt.% FGS [77]
was decreased by 60%, while the same amount of graphite reduced permeability only 25%.
Gas barrier performance of composites reinforced with FGS was superior to that of graphite
composites, and this was attributed to its higher aspect ratio.

5. Concluding remarks

There are number of approaches for developing high‐performance CNP/polymer nanocom‐
posites taking advantage of the unique properties of CNP. Thermoplastic polyesters were
chosen as polymer matrices, due to their great importance in industrial applications. However,
the crucial challenge is to develop the methods of nanofillers’ dispersion improvement in the
polymer matrix since it greatly affects the mechanical, electrical and thermal properties of
nanocomposites. Despite diverse methods, such as melt mixing, solution processing and in
situ polymerization along with chemical functionalization, challenging is to enhance the
dispersion and modify interfacial interactions. One of the issues that need to be resolved is to
obtain the optimal functionalization of CNT that can maximize interfacial adhesion between
nanofillers and the polymer matrix. A proper functionalization of both CNT and GDF allows
for strong interfacial interactions between CNP and polymer matrix, which may at the same
time improve the dispersion of CNT in the whole volume of polymer matrix. Moreover, in the
case of semicrystalline polymers (especially PET and PBT), by incorporating the nanofiller, one
can affect the crystallization behavior and thus the morphology of the samples. Since the degree
of crystallinity can indirectly affect mechanical and electrical properties of polymer nanocom‐
posites, one should particularly pay attention to this factor. The enhancement in mechanical
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properties of CNP/polymer nanocomposites may represent a compromise between carbon‐
carbon bond damage and increased CNP‐polymer interaction due to CNP functionalization.
Moreover, the incorporation of nanofillers like nanotubes or graphene reduces the thermal
expansion of polymers by constraining the movement of a significant volume of polymer
chains because of their interaction with the filler. Additionally, the electrical conductivity of a
CNP/polymer nanocomposite is determined by the negative effect of carbon‐carbon bond
damage and the positive effect of improved CNP dispersion due to the chemical functionali‐
zation. However, in the case of oxidized graphene nanosheets, the partial reduction has to be
employed in order to restore its conducting behavior. However, in each case, the choice and
control over chemical modification of CNP are necessary. Moreover, composites containing
fillers with large aspect ratio (like GDF) can impede and affect the diffusion path of penetrating
molecules. Well‐dispersed fillers create a tortuous path for gases. To achieve the best perform‐
ance of CNP/polymer composites, it is important to choose the functionalization method, a
suitable polymer matrix for CNT dispersion as well as polymer composite processing condi‐
tions. To conclude, the CNP functionalization and polymer matrix design for the dispersion
of CNP and interfacial interactions between nanofiller and a polymer matrix are the key issues
for the development of high‐performance CNP composites.
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