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This work is the continuation and refi nement of already published communications based on PET/EG nanocom-
posites prepared by in situ polymerization1, 2. In this study, nanocomposites based on poly(ethylene terephthalate) 
with expanded graphite were compared to those with functionalized graphite sheets (GO). The results suggest that 
the degree of dispersion of nanoparticles in the PET matrix has important effect on the structure and physical 
properties of the nanocomposites. The existence of graphene sheets nanoparticles enhances the crystallization rate 
of PET. It has been confi rmed that in situ polymerization is the effective method for preparation nanocomposites 
which can avoid the agglomeration of nanoparticles in polymer matrices and improve the interfacial interaction 
between nanofi ller and polymer matrix. The obtained results have shown also that due to the presence of functional 
groups on GO surface the interactions with PET matrix can be stronger than in the case of exfoliated graphene 
(EG) and matrix.
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INTRODUCTION

  One of the most widely used semi-crystalline polyesters 
in the world is poly(ethylene terephthalate) (PET) as 
a thermoplastic polymer material. For some time now, 
PET has expanded its applications in a variety of fi elds, 
ranging from fi bers to fi lms and magnetic recording tape 
substrates3, 4. Although PET has balanced properties 
of mechanical strength, thermal property, and barrier 
property for commodity and engineering applications, 
the further improvement in thermal and mechanical 
properties of PET is needed to pursue for high perfor-
mance applications. 

Incorporation of nanofi llers in a polymer matrix gives 
rise to a new class of materials known as polymer nano-
composites, which have better potential for many appli-
cations.  Polymeric nanocomposites have been a topic 
of great interest for the last two decades for scientists 
all over the world. Numerous researchers have already 
reported the effect of different nanofi llers like clay, 
carbon nanotubes, graphene and graphene derivatives 
and silica on polymer properties5–8. Development of 
nanocomposites from various clay, carbon nanotubes and 
graphene derivatives has been discussed in several publi-
cations from our laboratory group1, 2, 9–11. Among those 
nanofi llers, graphene sheet, a 2-dimensional monolayer 
of sp2-bonded carbon atoms arranged in a honeycomb 
network, has been recently considered as an ideal rein-
forcing material to enhance the thermal, mechanical, and 
electrical performances of polymeric materials due to its 
outstanding thermal stability, mechanical modulus, and 
in-plane electrical conductivity12–15. Accordingly, PET-
-based nanocomposites containing graphene sheets have 
been also prepared and their structures and electrical 
properties have been investigated16–17. However, the in-
fl uence and comparison of EG and GO on poly(ethylene 

terephthalate) based nanocomposites prepared by in situ 
polymerization have not been investigated systematically.

In this work, the infl uence of expanded graphite (EG) 
and graphene oxide content on the synthesis process 
and physical properties of poly(ethylene terephthalate) 
(PET) is investigated. For this purpose, PET/EG and 
PET/GO nanocomposites at different nanofi ller loadings 
were prepared by in situ polymerization.

EXPERIMENTAL

Material
For the poly(ethylene terephthalate) (PET) synthesis 

the following chemicals were used: dimethyl tereftalate 
(DMT) (Sigma-Aldrich); ethane-1,2-diol (Sigma-Aldrich), 
zinc acetate Zn(CH3COO)2 (Sigma – Aldrich) as an 
ester exchange catalyst; antimony trioxide Sb2O3 (Sigma-
Aldrich) as a polycondensation catalyst; Irganox 1010 
(Ciba-Geigy, Switzerland) as a thermal stabilizer. EG 
was prepared by thermal expansion (SGL Carbon SE, 
Germany); average thickness of the expanded agglom-
erates was 450–560 nm. Graphene platelets size ranged 
from 16 μm to 46 μm (99%). Graphite oxide (GO) with 
fl ake size of about 5μm was provided by Polymer Insti-
tute of Slovak Academy of Sciences, where the natural 
graphite was fi rst converted to intercalated or expandable 
graphite through chemical oxidation in the presence of 
concentrated H2SO4 and HNO3 acids. Before adding 
nanofi llers to the reaction mixture they were combined 
with ethanediol in order to split agglomerates and to 
improve further exfoliation. Polymer nanocomposites 
PET/EG and PET/GO have been synthesized following 
the same procedure1.
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Preparation of PET/EG and PET/GO nanocomposites
Nanocomposites based on poly(ethylene terephthal-

ate) (PET) were prepared by in situ polymerization 
in the polycondensation reactor (Autoclave Engineers, 
Pennsylvania, USA) capacity of 1000 cm3.The process 
was conducted in two stages, followed the same proce-
dure as published elsewhere1, 2, 10. In the fi rst stage, at 
atmospheric pressure and temperature range of 175 ÷ 
190oC, took place transesterifi cation reaction between 
both dimethyl terephthalate (DMT) and ethylene glycol 
with the addition of nanofi ller (EG, GO), which was 
initially dispersed using high-speed stirrer (Ultra-Turax 
T25), sonicator (Homogenizer HD 2200, Sonoplus) and 
ultra-power lower sonic bath (BANDELIN, Sonorex 
digitec), resulting in the precipitation of methanol. 
When a precipitated amount of alcohol was close to 
the theoretical amount, the pressure was gradually low-
ered to about 0.1 hPa and the second stage was begun. 
Polycondensation carried in temperature to 275oC by 
the stirrer speed 40 rot/min. The progress of this step 
of reaction was monitored based on observations of the 
changing viscosity of the reaction mixture, which was in 
turn monitored on the basis of observations of changes 
in torque stirrer during the synthesis. The reaction was 
considered complete when the viscosity in the system 
rose to 14 Pa . s. The obtained polymer/nanocomposite 
was extruded from the reactor at a pressure.

Characterization methods
The inherent viscosity [η] of the polymers was de-

termined at 30°C using a capillary Ubbelohde type 
Ic (K = 0.03294), according to the procedure de-
scribed elsewhere1, 2, 9–11, 18. The polymer solution had 
a concentration of 0.5 g/dl in mixture phenol/1,1,2,2-
-tetrachloroethane (60/40 by weight). To ensure that the 
intrinsic viscosity will not be affected by present EG and 
GO, the polymer nanocomposite solution was fi ltered 
through 0.2 μm pore size polytetrafluoromethylene 
(PTFE) fi lter (Whatman; membrane type TE 35). After 
fi ltration the polymer was precipitated and re-dissolved. 
The Mark-Houwink relationship  
was used to calculate the viscosity average molar mass 
of PET homopolymer19.

The melt volume rate (MVR) was measured by using 
a melt indexer (CEAST, Italy) as melt fl ow in cm3 per 
10 min, at temperature of 280oC, and at orifi ce diam-
eter 1.050 mm and under 2.160 kg load, according to 
ISO 1133 specifi cation.

The density was measured at 21oC on hydrostatic 
balance (Radwag WPE 600C, Poland), calibrated for 
standards with known density.

To evaluate the actual amount of nanofi ller, the polymer 
nanocomposites with the nanofi ller content of 0.4 wt.% 
solution was fi ltered through 0.2 μm pore size polytet-
rafl uoromethylene (PTFE) fi lter (Whatman; membrane 
type TE 35). For this purpose, expanded graphite and 
graphene oxide from the known mass of the nanocom-
posite have been fi ltrated. After fi ltration the polymer 
was precipitated, re-dissolved and weighted. The PTFE 
fi lter, with nanofi ller on the surface, after fi ltration and 
vacuum drying was also weighted. 

The thermal properties of PET based nanocomposites 
were studied with differential scanning calorimetry (DSC, 

TA Instruments Q-100, USA, 2004) in cycle: heating – 
cooling – heating in the temperature range from –50 to 
300oC at a scan rate of 10oC/min. The second heating 
and cooling scans were used to determine the melting 
and crystallization peaks. The glass transition tempera-
ture (Tg) for the prepared nanocomposites and pure 
PET was taken as the midpoint of the change in heat 
capacity. The degree of crystallinity (Xc, mass fraction) 
was calculated using the formula:

 (1)

where: ΔHm – enthalpy of melting of the measured 
sample, J/g;  J/g – the theoretical value of 
enthalpy for 100% crystalline PET20.

The structure of nanoparticles and nanocomposites 
were observed by scanning electron microscopy (SEM) 
(JEOL JSM 6100) and transmission electron microscope 
(TEM) (JEOL JEM-1200 EX Electron Microscope). 
The samples were cryofractured in liquid nitrogen, and 
then vacuum coated with a thin gold fi lm before being 
analyzed using SEM.

RESULTS AND DISCUSSION

Morphology and phase structure
To investigate the dispersion quality of expanded 

graphite (EG) and graphene oxide (GO) particles, the 
morphology of PET/EG and PET/GO composites were 
studied by TEM and SEM and the results are shown 
in Figure 1. The obtained nanocomposites exhibit a re-
latively homogenous distribution with highly exfoliated 
EG and GO in PET matrix. On TEM images the more 
and less transparent few layer graphene/graphene 
oxide (Fig. 1a–b) were observed. It can also be seen 
from Figure 1 that the sizes of both the modifi ed and 
unmodifi ed graphene sheets are mostly in the range of 
5–20 μm except the aggregated sheets, suggesting that in 
situ polymerization is a effective method for preparing 
nanocomposites. However, no big difference in the level 
of fi ller dispersion/exfoliation was observed on SEM ima-
ges between GO and EG-fi lled composites at 0.4 wt%, 
suggesting that at low loadings the presence of functional 
groups on the surface of GO does not lead to signifi cant 
improve exfoliation of GO in PET matrix. However, the 
observations of more embedded GO platelets (Fig. 1d) 
in polymer matrix GO can suggest the interactions be-
tween functional groups of GO and PET matrix. The 
presence of functional groups such as carboxylic groups 
on GO surface can improve interfacial adhesion between 
graphene 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. 
Such behaviour was observed for carboxy-functionalized 
carbon nanotubes PET, PEN nanocomposites21–22. More-
over, the observed also folded/wrinkled surface texture 
of the few layer graphene/graphene oxide (Fig. 1a–b) 
can play an important role in enhancing mechanical 
interlocking and load transfer with the matrix. 

Physical properties of nanocomposites
Values of [η] for polymer nanocomposites after nano-

fi ller fi ltration are varied between 0.49 and 0.55 dl/g and 
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in their impact on the molecular weight of PET matrix 
in nanocomposites and the viscosity of the melts was 
observed. For PET/EG nanocomposites the slight reduc-
tion in molecular weight at 0.4 wt% of EG content in 
the composite resulting in reduced melt viscosity (higher 
values of MVR). The large increase from 72.8 (for pure 
PET) to 118.9 cm3/10 min for PET/0.4EG can be also 
due to lack of polymer-expanded graphite interactions.

Nanocomposites in comparison to the neat polymer 
have slightly higher density due to the presence of 
nanofi ller with higher density (Table 1).

The obtained nanocomposites with the highest content 
of nanofi llers (0.4 wt.% of EG and 0.4 wt% of GO) 
were tested for the actual content of nanofi ller in the, 
prepared via in situ polymerization, nanocomposites. The 
subsequent steps of performed experiment are shown in 
Figure 2. The nanocomposite was dissolved in mixture 
phenol/1,1,2,2-tetrachloroethane (60/40 by weight) in the 
Erlenmeyer fl ask (Fig. 2a). After fi ltration in vacuum, 

they are close to the value obtained for the neat PET 
(0.536 dl/g). As can be seen in Table 1, the obtained 
values of [η] show that the synthesized nanocomposites 
have high molecular weights with a slight decrease with 
the increasing content of both nanofi llers (EG and GO) 
from 2.12 · 104 for PET to 1.87 · 104 for PET/0.4GO 
nanocomposite after nanofi ller fi ltration.

A slight reduce in the MVR only for nanocomposite 
with 0.1 wt.% of graphene oxide and no changes for 
PET/0.4GO was observed. Both nanocomposites, with 
0.1GO and 0.4GO have similar molecular weights but 
lower than pure PET. The comparable value of MVR 
for PET and PET/GO nanocomposites was due to the 
polymer – functionalized graphene sheets interactions. 
The presence of EG and GO affects the viscosity of the 
melt in the synthesis of nanocomposites which reduced 
the molecular weight of the PET matrix in obtained 
nanocomposites. Moreover, with the same content (0.1 
and 0.4 wt.%) of EG and GO nanofi llers the differences 

Figure 1. (a–b) TEM micrographs of: (a) PET/0.4EG, 40x, (b) PET/0.4GO, 75x, (c–d) SEM micrographs of: (c) PET/0.4EG, (d) 
PET/0.4GO

Table 1. Composition and physical properties of PET/EG and PET/GO nanocomposites
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PET modifi ed CNT nanocomposites have shown that the 
variations of the nucleation activity and the crystallization 
activation energy of the PET nanocomposites refl ected 
the enhancement of crystallization of the PET nano-
composites effectively induced by a very small quantity 
of the carboxylic acid groups-induced CNTs (c-CNTs). 
The incorporation of the c-CNTs into the PET matrix 

remained nanofi ller no longer (Fig. 2b), what confi rms 
the transparent color of the solution. After complete 
separation of the nanofi ller from the nanocomposite 
the tefl on fi lter has been dried and weighed (Fig. 2c). 
The conducted experiment confi rmed that using in situ 
polymerization as a method of preparing polymer nano-
composites allows to retain an uniform and quantitative 
composition in the entire volume of obtained sample in 
relation to the output composition.

Thermal properties
The effect of expanded graphite and graphene oxide 

on the thermal behaviour of the nanocomposites and 
neat PET during heating and cooling was examined by 
DSC (Tab le 2, Fig. 3). As can be seen from the Table 
2, the glass transition temperature was not affected by 
the presence of EG and GO in polymer matrix. Degrees 
of crystallinity of the nanocomposites are comparable to 
those neat PET. The rate of crystallization was shown 
to depend strongly upon molecular weight23. However, 
the crystallization traces in Figure 2a indicate that GO 
worked as a nucleation agent for the crystallization 
of PET. The lower molecular weights also have the 
infl uence on crystallization of PET matrix in prepared 
nanocomposites, what have been also shown in recent 
study24. At the same cooling rate, the nanocomposites 
with 0.4 wt.% of EG and 0.4 wt.% of GO show higher 
crystallization temperatures (Fig. 3a, Table 2). The degree 
of supercooling (∆T = Tm – Tc) may indicate a polymer’s 
crystallizability; that is, the smaller the ∆T, the higher 
the overall crystallization rate. The ∆T values for the 
nanocomposites are smaller, by 36–38oC, than that of 
neat PET (43oC). Nanofi ller usually affect the ability to 
crystallize semi-crystalline polymers25–27. Distributed in 
the polymer matrix nanoparticles can assist by nucleation 
and growth of crystallites. Crystallization rate of a poly-
mer is determined by the nucleation rate and mobility of 
polymer chains. Recent study on crystallization process in 

Figure 2. Multi step process of estimation of actual content of nanofi ller in prepared via in situ polymerization PET/0.4EG and PET/0.4GO 
nanocomposites: a) Erlenmeyer fl ask with nanocomposite solution, b) nanocomposite solution after nanofi ller fi ltration and 
c) fi lter with nanofi ller

Figure 3. DSC thermograms for PET/EG and PET/GO nano-
composites with different nanofi llers concentration 
during: a) cooling and b) 2nd heating
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has a signifi cant effect on the non-isothermal crystalli-
zation kinetics of the PET nanocomposites in that the 
c-CNTs dispersed in the PET matrix can effectively act 
as strong nucleating agents and lead to the enhanced 
crystallization of the PET nanocomposites through 
heterogeneous nucleation28. Similar observations have 
been reported that the crystallization of CNT/polymer 
nanocomposites was accelerated by the presence of CNT 
through heterogeneous nucleation21, 29–31. It has been also 
already published, that in PET/EG nanocomposites the 
addition of EG changed the crystallization mechanism, 
accelerated the crystallization rate, but decreased the 
crystallinity of the PET resin16. The introduction of na-
nofi ller produces a hindrance on the molecular chains 
movement, which will reduce the tendency for molecular 
chains to be crystallized, though the confi ned molecular 
chains may be well ordered in the lamellar space. Al-
though, in our case only increase of crystallization rate 
was observed, but degree of crystallinity is not affected 
by the presence of the EG and GO. 

CONCLUSIONS

The aim of this study was to investigate the infl uence 
of functionalized (GO) and non-functionalized (EG) 
carbon nanofi llers on the synthesis process of PET based 
nanocomposites. In particular, the addition of nanofi ller 
to the semicrystalline polymer matrix may infl uence on 
its crystallization. In our systems, increase of crystalli-
zation rate was observed, but degree of crystallinity is 
not affected by the presence of  both: expanded graphite 
and graphene oxide. The crystallization traces indicate 
that GO worked as a more effective nucleation agent for 
the crystallization of PET. The high dispersion level of 
oxidized graphene sheets can be attributed to a strong 
interaction between functionalized groups on the surface 
of GO and the polar groups of PET (Fig. 1). It was 
characterized that disordered graphene sheets of EG 
and GO are well dispersed in the PET matrix without 
forming crystalline aggregates even at nanofi ller content 
of 0.4 wt.%. The infl uence on the intrinsic viscosity 
has been also observed. With the increasing content 
of EG and GO the decrease in [η] for PET matrix in 
nanocomposites was reported as a result of decreasing 
of PET polymer molecular weight. It is probably due to 
the infl uence of nanofi ller on the second step of is situ 
polymerization. Polycondensation reaction with EG and 
GO becomes slower as evidenced by the slower increase 
in viscosity (measured by stirrer torque) of the system 
in the last stage of the synthesis. A slight reduce in the 
MVR with the increasing of GO content was observed, 
whereas a large increase from 72.8 (PET) to 118.9 
cm3/10 min (PET/0.4EG) might be a result in increasing 
of melt viscosity due to the polymer – graphene sheets 

interactions. Nanocomposites in comparison to the neat 
polymer have slightly higher density due to the presence 
of nanofi ller with higher density. 
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