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Improvement of barrier properties of glycol modified
poly(ethylene terephthalate) based nanocomposites
containing graphene derivatives forms
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Abstract: The development and further studies on several types of graphene nanoplatelets (GNP) have
enabled manufacture of electrically conductive and reinforced polymer nanocomposites with enhanced
gas barrier performance at extremely low loading. Herein, we present the synthesis process, morphol-
ogy and gas barrier properties of the glycol modified poly(ethylene terephthalate) (PETG) based nano-
composites. For the first time, we compared how different types of GNPs, at the same nanofiller’s con-
tent of 0.5 wt %, affect the properties of polymer matrix obtained by in situ polymerization.

Keywords: graphene derivatives forms, glycol-modified poly(ethylene terephthalate), in situ polymer-

ization, barrier properties.

Poprawa wlasciwosci barierowych nanokompozytéw polimerowych
opartych na modyfikowanym poli(tereftalanie etylenu) z dodatkiem

pochodnych grafenu

Streszczenie: Opracowano nanokompozyty polimerowe (PETG) na bazie poli(tereftalanu etylenu)
(PET) modyfikowanego glikolem cykloalifatycznym z niewielkim dodatkiem wybranych typéw pty-
tek grafenowych (GNP). Zbadano morfologie PETG oraz ich wlasciwosci barierowe. Oceniono wptyw
dodatku réznego typu nanoptytek grafenowych na wlasciwosci osnowy polimerowej w nanokompozy-
tach otrzymanych metoda polimeryzaciji in situ. Stwierdzono, ze otrzymane, wzmocnione nanoczastka-
mi grafenu i elektrycznie przewodzace kompozyty PETG odznaczaly sie zwiekszona barierowoscig w

stosunku do par i gazéw.

Stowa kluczowe: pochodne grafenu, poli(tereftalan etylenu) modyfikowany glikolem cykloalifatycz-

nym, polimeryzacja in situ, wlasciwosci barierowe.

Poly(ethylene terephthalate) (PET), a semicrystalline
thermoplastic polyester is widely used in the manufac-
ture of fibers, films, and beverage containers, due to its
exceptional properties, like high transparency, high di-
mensional stability, and good thermal and mechanical
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properties [1-4]. In numerous applications, PET can di-
rectly compete with polyethylene (PE), polypropylene
(PP) and polystyrene (PS) on food and beverage packag-
ing markets. One can use PET to make containers for soft
drinks, juices, alcoholic drinks, water, edible oils, house-
-hold cleaners, and other food and non-food applications
[5]. In the case of the barrier and packaging industry,
one of the main fields of PET applications is the plastic
bottles market for carbonated soft drinks on account of
its inherent properties including good resistance to gas
permeation (particularly oxygen and carbon dioxide).
Along with an increasing demand for high performance
PET based materials for sensitive beverages applica-
tions, such as beer, wine, juices, efc., recent studies have
been focused to produce products at minimal changes in
equipment, processes and cost of inputs, with enhanced
barrier properties for food packaging and beverages ap-
plications [5].
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In the last 20 years several strategies have been pro-
posed in order to achieve these objectives, i.e., to increase
barrier properties of PET to gases (in particular oxygen
and carbon dioxide). For instance, some companies such
as DuPont, Sidel, and PPG have developed bottle coating
systems for the reduction of both O,and CO, permeation.
Another approach consists in blending PET with high bar-
rier constituents that can be dispersed as domains orient-
ed perpendicular to the direction of gas flow thus increas-
ing tortuosity of the diffusion pathway [6]. However, this
approach is limited due to the non-perfect compatibility
between PET and polyamides, which results in yellow
color and haziness, in oriented blend films and in bottle
walls [7]. Notwithstanding, preparation of polymer nano-
composites may be the best approach. They are polymers
(thermoplastics, thermosets, or elastomers) that one can re-
inforce with small quantities (less than 5 % by weight) of
very high aspect ratio (//d > 300) fillers. So far, among dif-
ferent types of fillers, those based on clays and natural sili-
cates were very widely used in packing applications due
to their abundance and easy availability. Uniformly dis-
persed nanoclays of very high aspect ratios have proved to
provide a wide variety of added benefits by the combina-
tion of mechanical, thermal, optical and fore mostly, bar-
rier properties to the material [8-11]. However, the discov-
ery of graphene, due to its intriguing properties including
high electron mobility at room temperature [12, 13], excep-
tional thermal conductivity [14], and superior mechanical
properties [13] attracted much attention on nanocompos-
ites with its content [15, 16]. Additionally, extremely high
surface area and gas impermeability [17] prove great po-
tential of graphene for improving electrical, mechanical,
thermal, and gas barrier properties of polymers.

In contrast to semicrystalline PET, glycol modified
poly(ethylene terephthalate) (PETG) copolyester is an
amorphous thermoplastic polyester that exhibits a glass
transition temperature (T) of about 80 °C, similar to PET
[18-20]. On account of its transparency and clarity, PETG
is used in medical, pharmaceutical and cosmetic pack-
aging. Recently, several studies of PETG/layered silicate
nanocomposites have been published. Kalgaonkar et al.
[21-24] investigated how the intercalant affected the vis-
coelastic properties of the PETG/layered silicate nanocom-
posites, which were prepared by melt blending PETG with
organically modified montmorillonites. The melt blend-
ing method was also used to prepare PETG/montmoril-
lonite nanocomposites and studied the effects of surfac-
tant concentrations on the dispersion of montmorillonite
in PETG matrix by Ranade et al. [25]. In turn, Couderc
et al. [26] studied the relaxation of PETG/montmorillon-
ite nanocomposites by dielectric methods. Additionally,
Tsai et al. [27] studied how the layered silicate affects the
gas barrier, optical transparency, physical, and thermal
properties of PETG based nanocomposites via in situ in-
tercalation polymerization. The optical transmittances of
nanocomposites that contained 0.5, 1.0 and 3.0 wt % of
organoclay were 86.8 %, 84.4 % and 77.4 %, respectively.

The oxygen transmission rate of the nanocomposite that
contained 3 wt % of organoclay decreased of about 50 %
of this value for PETG based polymer.

Among these investigations, none addresses the effect of
different types of graphene nanoplatelets on both the gas
barrier and processing properties of the PETG based nano-
composites, without sacrificing their optical properties.

EXPERIMENTAL PART
Materials

For the glycol modified poly(ethylene terephthalate)
(PETG) and PETG based nanocomposites’ synthesis the
following chemicals were used: dimethyl terephthalate
(DMT) (Sigma-Aldrich), ethane-1,2-diol (ED) (Sigma-Al-
drich) distilled before using, 1,4-cyclohexanedimethanol
(CHDM) (Sigma-Aldrich), zinc acetate (ester exchange
catalyst) Zn(CH,COO), (Sigma-Aldrich), germanium di-
oxide — polycondensation catalyst — GeO, (PPM Pure Met-
als GmbH), thermal stabilizer Irganox 1010 (Ciba-Geigy,
Switzerland).

As nanofillers, three types of graphene nanoplatelets
(GNPs) were added at the content of 0.5 wt %, i.e.:

— GNP-ANG, was purchased from Angstron Materi-
als (Dayton, Ohio, USA) in the form of a powder with
the thickness of less than three graphene layers, average
platelets size of up to 10 um, carbon content of ~ 97.0 %
and the oxygen content of ~ 2.10 %.

— GNP-LTR, which was provided by the group of Pro-
fessor R. Fryczkowski and obtained via low temperature
reduction of graphene oxide below 240 °C (wherein gra-
phene oxide was obtained following the procedure pub-
lished in [28, 29]), exhibited an average number of 7 layers
as determined by XRD studies, the average size that did
not exceed 20 pm, while the C and O content was 85.42 %
and 14.58 %, respectively, based on the XPS.

— GNP-NH, was purchased from Nanolnnova Technol-
ogies SL (Madrid, Spain) in the form of reduced graphene
oxide with NH, groups (rGO-NH.,). According to produc-
er data sheet: average nanosheets size of up to 10 pm, the
oxygen to carbon ratio of 0.006 and nitrogen to carbon ra-
tio of 0.162; the number of free amino groups measured
with a quantitative Kaiser test of 0.1 mmol NH,/g; to es-
timate the amount of NH, groups in rGO-NH, a reaction
with tetrabromophthalic anhydride performed and the Br
amount was quantified by X-ray fluorescence spectros-
copy and by the Schoniger flask test and corresponds to
0.23 mmol/g and 0.21 mmol/g, respectively.

In situ synthesis of PET/carbon nanofiller composites

Nanocomposites based on PETG and three types of gra-
phene derivatives were prepared by in situ polymeriza-
tion following the same procedure as already published
in [30, 31]. Graphene derivatives (GNP-ANG, GNP-LTR
and GNP-NH,) were dispersed by high-speed stirring



870

POLIMERY 2017, 62, nr 11-12

(Ultra-Turax T25) and sonicator (Homogenizer HD 2200,
Sonoplus) in ED for 30 min each and subsequently dis-
persed using a low-power sonic bath for 8 hours. This
additional step of dispersing graphene nanosheets in li-
quid monomer led to much better exfoliation, which has
been previously confirmed for PET based nanocompos-
ites containing expanded graphite [32]. The in situ poly-
condensation was carried out in a steel reactor (Autoclave
Engineers Inc, USA) in the presence of the nanoplatelets
under continuous mixing. At the end of the synthesis
the nanocomposite or the polymer was extruded from
the reactor using compressed nitrogen into water bath.
This method allows to obtain samples with GNP-ANG,
GNP-LTR and GNP-NH, at the weight concentration of
0.5 wt % in PETG matrix.

Sample preparation

In order to prepare the test samples, the obtained ma-
terials were granulated and injection molded into dumb-
bell shape samples (type 3) with a total length of 60 mm,
a rectangular cross section of 2 x 4 [mm?] and a gage
length of 20 mm. Thin polymer foils with a thickness of
~ 220 um were prepared for optical microscopy and barri-
er studies by press molding (Collin P 200E) at 250 °C, and
the pressure of 0.5 MPa for 2 min and 1.0 MPa for another
1 min and subsequently quenched in ice water. The thick-
ness of thin films was measured with a Micrometer mod.
293-521 from Mitutoyo. The thickness is an average value.

Methods of testing

— The intrinsic viscosity [n] of the polymer and the se-
ries of nanocomposites was determined at 30 °C in the
mixture of phenol/1,1,2,2-tetrachloroethane (60/40 by
weight). The concentration of the polymer solution was of
5 g/dm®. The measurement was carried using a capillary
Ubbelohde viscometer (type Ic, K = 0.03294). The density
of the dumbbell shape samples was measured at 23 °C on
hydrostatic scales (Radwag WPE 600C, Poland), calibrat-
ed according to standards with known density.

— The amorphous structure of the samples was con-
firmed by differential scanning calorimeter (DSC), mea-
surements were carried out with a DSC1 (Mettler Toledo)
which was calibrated for temperature and melting en-

thalpy by using indium and n-octane as standards under
a N, atmosphere with a heating rate of 10 deg/min in the
temperature range of 25-300 °C. Then, from the second
heating the glass transition T was determined. Since all
samples were found to be amorphous, the softening tem-
peratures of the samples were determined using Boethi-
us apparatus. The method’s principle was to observe the
moment, when the edges of the samples start to melt as
a result of constantly increasing temperature.

— The quality of the dispersion of three types of gra-
phene nanoplatelets used in this study was analyzed
with scanning electron microscopy using FE-SEM Hita-
chi SU-70 microscope. The nanocomposite samples were
cryofractured in liquid nitrogen and then coated with
palladium-gold alloy thin film using thermal evapora-
tion PVD (physical vapor deposition) method to provide
electric conductivity. SEM analyses were performed at ac-
celerating voltage of 5 kV and secondary electron images
were acquired. Moreover, light microscopy observations
were performed using Nikon MM-40 microscope, operat-
ing at transmission light mode.

— Oxygen permeability was measured using a Mocon-
-OX-Tran 2/10 instrument (23 °C and 0 % humidity rate
RH) in accordance with ISO 15105-2 standard, while wa-
ter vapor permeability was measured using a moisture
analyzer (MAC 50, RADWAG, Poland) equipped with
Sampler 2000, both using 5 cm? samples of examined
polymer films accordingly to the procedure previously
described in detail in [33]. All polymer samples were con-
ditioned for 3 h in the test chamber of OX-Tran apparatus
in test parameters (23 °C and 0 % humidity rate RH).

RESULTS AND DISCUSSION

PETG and PETG based nanocomposites containing
0.5 wt % of three types of graphene nanoplatelets were
obtained by in situ polymerization. The chemical struc-
ture of the PETG [with 30 mol % of poly(ethylene-co-cyclo-
hexanedimethanol)terephthalate] was already confirmed
using 'H NMR and gas chromatography in [31]. In Table 1
the physicochemical properties by means of intrinsic vis-
cosity, density and softening temperature along with H,O
and O, transmission rates are summarized.

The average viscosity molecular masses for the pre-
pared materials were not estimated, since the values of

Table 1. Physicochemical and gas barrier properties for the obtained nanocomposites based on PETG

Softening Thickness of H,O 0,
S 1 Ml d ' ture® the polymer ¢ 2 " ¢ .2 "
ample 41/ Jem? emperature foil ransmission rate ransmission rate
& & °C um cm®/(m?- 24 h) cm®/(m?- 24 h)
PETG 0.696 1.2426 123+3 206 +£5 71+04 63.8+1.1
PETG/0.5GNP-ANG 0.553 1.2459 130+ 3 205+ 3 91+0.8 514 +4.7
PETG/0.5GNP-LTR 0.559 1.2769 131+3 208 +7 6.2+0.2 56.3 +4.2
PETG/O.SGNP—NH2 0.543 1.2630 130+5 205 +4 10.7 + 2.1 61.6 +0.5

[n] - Intrinsic viscosity, d — density measured at 23 °C, ® — softening temperature according to Boethius method.
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the adequate coefficients in the Mark-Houwink equa-
tion (from which one can calculate the average viscosi-
ty molecular mass) have not been designated so far. The
decrease of intrinsic viscosity [1] values were observed
when graphene nanoplatelets were added into PETG ma-
trix. In general, the addition of carbon nanofillers, and in
particular GNPs, cause the decrease in intrinsic viscosity
and thus molecular masses of polymer nanocomposites
prepared by in situ polymerization [31-35]. It results from
the influence of nanoparticles on the polymerization pro-
cess, causing an increase of the melt viscosity of the poly-
mer, which is due to polymer-nanofiller and nanofiller-
-nanofiller interactions. Moreover, all three types of GNPs
brought about the increase of the hydrostatic density. The
density of the PETG, similarly like amorphous PET [4], is
lower than the density of GNPs. Since the incorporation of
GNPs didn't affect the crystallization of PETG (no peaks
of melting and crystallization in Fig. 1), one can conclude
that this increase is only caused by the direct influence of
the addition of the component with higher density.

2
= |
E T,=78°C PETG
e . PETG/05GNP-ANG

e i i PETG/0.5GNP-LTR

: I A PETG/0.5GNP-NH,
d
T T T T T T T T
0 50 100 150 200

Temperature, °C

Fig. 1. DSC thermograms during 2" heating and cooling for
PETG based nanocomposites containing GNPs

Furthermore, for all nanocomposites the increase of
softening temperature estimated accordingly to the Bo-
ethius method, was observed. However, the addition of
GNPs into PETG matrix didn't affect the glass transition
temperature. This is in the agreement with our previous
studies on the nanocomposites based on thermoplastic
polyesters matrices [31, 35]. However, the extensive stud-
ies made by the group of Macosko [36, 37] showed that
the T, of polymer nanocomposites containing GNPs can
be increased only if strong interfacial interactions exhibit
between polymers matrix and nanofillers. It was noted,
that blending processes (like solvent and melt blending)
that did not involve covalent bonding to the graphene
surface, were generally incapable of providing enough
restriction by interactions between the polymer matri-
ces and fillers. However, the blending processes involv-
ing chemical reactions, such as chemically modified
graphene or in situ polymerization of monomers in the

presence of thermally or chemically reduced graphene
(TRG or CRG), or graphene oxide (GO), were capable of
providing strong confinement by covalent bonds be-
tween matrix polymers and fillers. One exception was
in situ polymerized monomers in the presence of pris-
tine graphene, which showed no T change of the result-
ing nanocomposites [38]. This was because no oxidized
functional groups or reactive C=C exist on pristine gra-
phene surface for the monomer to chemically react with.
Since, in this case no effect on the Ewas observed, even
for PETG/0.5GNP-NH,, one can conclude that no strong
interfacial interactions exhibit between polymers matrix
and nanofillers which might restrict the polymer chains
movements. However, some weak interactions exhibited
between both phases, since the improvement in gas bar-
rier properties was observed (Table 1), but they were not
strong enough to affect the T. Indeed, several studies
[39-41] confirmed a significant change in T, even at the
very low loading of GNPs but all of these nanocompos-
ites were prepared by solvent blending. However, since
the chemical blending processes such as in situ polymer-
ization or chemically modified fillers yielded significant
T, increases in polymer/GNPs nanocomposites [37], our
research will be extended upon different types of GNPs
or different concentrations in PETG.

Due to its unique structure, GNPs exhibited excellent
thermal, mechanical and electrical properties [42-45].
However, one of the most promising applications of gra-
phene is its incorporation into polymer nanocomposites.
However, one can find this application of graphene to be
hampered by the poor solubility of pristine graphene in
the most commonly used solvents. Furthermore, the large
surface area of graphene results in significant aggregation
in a polymer matrix due to van der Waals interactions [44].
A challenge is to achieve good dispersion of the atomi-
cally thin sheets of graphene in the whole volume of the
polymer matrix. One approach to fabricate well dispersed
graphene based nanocomposites, is an appropriate sur-
face modification in order to obtain graphene oxide (GO)
nanosheets [46—49]. The functional groups on the surface
of graphene, such as hydroxyl, epoxide, carbonyl, and car-
boxyl, are effective in improving interfacial bonding be-
tween the GO nanosheets and the polymer matrix. While
the second approach is to use the appropriate method of
fabrication of polymer/GNPs nanocomposites. Therefore,
in this study we compared how several types of graphene
nanoplatelets, including chemically modified GNP con-
taining NH, groups, affect the water vapor and oxygen
barrier properties of PETG nanocomposites prepared by
in situ polymerization, which enabled to obtain well-dis-
persed nanoparticles (Figs. 2, 3).

In the case of water vapor barrier properties, the im-
provement was observed only when GNP-LTR was used
a nanofiller. It was probably due to the size of nanoplate-
lets (~ 20 pum) [28, 29] at the relatively good distribution
of these nanoplatelets in polymer matrix (Fig. 2b). In oth-
er cases, especially in the case of PETG that contained
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a)

Fig. 2. Optical microscopy images of nanocomposites thin foils used for permeability measurements: a) PETG/0.5GNP-ANG,

b) PETG/0.5GNP-LTR, ¢) PETG/0.5GNP-NH,

a)

Fig. 3. Scanning electron micrographs of nanocomposites thin foils used for permeability measurements: a) PETG/0.5GNP-ANG,

b) PETG/0.5GNP-LTR, ¢) PETG/0.5GNP-NH,

0.5 wt % of GNP-NH, a marked increase in water vapor
transmission rate was noted (ca. 35 %). It is probably due
to interactions between hydrogen (from NH, group) and
the carbonyl groups in PETG matrix (hydrogen bonds are
formed) [50, 51]. The functionalization of graphene sur-
face with NH, groups improved the dispersion of nano-
platelets (Fig. 2c) and simultaneously improved “anchor-
ing” of the nanofiller within the polymer matrix (Fig. 3c
- GNP-NH, seemed to be covered with the polymer ma-

trix). Unfortunately, the barrier properties towards water
vapor of PETG/GNP-NH, were impaired, since the NH,
group is clearly hydrophilic. Considering OTR (oxygen
transmission rate), here again the GNP-NH, didn’t im-
prove the barrier properties of nanocomposite — the per-
meability was at similar level as for the neat PETG (Ta-
ble 1). However, the decrease in OTR was observed for
other (non-functionalized) graphene nanoplatelets, i.c.,
GNP-LTR and GNP-ANG. One can clearly observe that
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the in situ polymerization allowed uniform distribution
of both smaller (GNP-ANG, platelets” size of ca. 10 pm)
(Figs. 2a and 3a) and bigger (GNP-LTR, platelets” size of
ca. 20 pm) (Figs. 2b and 3b) graphene nanoplatelets, thus
improving the barrier properties against oxygen.

Of special importance is to underline the remark that
the in situ polymerization method enabled good distribu-
tion of nanofillers, both functionalized and non-function-
alized (Figs. 2, 3), since in polymer nanocomposites, ag-
gregated nanofillers have been shown to give rise to new
pathways for water diffusion at the nanofiller-polymer in-
terfacial zones, and therefore increase water or other gases
permeation [52, 53]. Regardless of the fact, if the nanoplate-
lets stick out from the matrix (Figs. 3a, 3b) or are covered
with the polymer (Fig. 3c), their distribution was homoge-
neous in the whole volume even at the “microscopic” level
(Figs. 2a—c). Although one can often observe agglomeration
effects in polymer nanocomposites, it is obvious that for
graphene nanocomposites, the critical filler concentration
above which these effects are found might occur at very
low concentrations, for instance: 0.1 wt % graphene [54],
0.06 wt % graphene oxide [55], 0.8 wt % graphene oxide [56],
1 wt % graphite [57], etc. Thereby it seems that polymer/
graphene nanocomposites are particularly susceptible to
agglomeration/aggregation effects at low filler concentra-
tions, which could impair the utilization of gas-imperme-
able nature of GNPs. Therefore, achieving very high degree
of distribution (proper dispersion) of graphene nanoplate-
lets allows us to expand this study upon different GNPs at
lower or higher concentrations in order to obtain greater
improvement in barrier properties, and thus to contribute
to the expansion of knowledge about polymer nanocom-
posites based on PETG at the packaging market.

CONCLUSIONS

Graphene derivatives forms are multifunctional nano-
fillers that can play a significant role in increasing the gas
barrier properties of polymer films at very low loading.
Preliminary study of barrier properties of PETG films re-
vealed that graphene nanoplatelets have the potential to re-
tard the diffusion of permeating molecules (O,, H,O) while,
on the other hand, barrier efficiency of graphene derivatives
is balanced by the degree of exfoliation of graphene nano-
platelets in polymer matrix, their size and presence of func-
tional group on their surface. Some functional groups can
improve the dispersion of GNP, however, at the same time,
polar groups, like NH,, might affect the solubility and per-
meability of O, and H,O molecules. This has been observed
in PETG/GNP-NH, nanocomposite, where the OTR was at
similar level as for the neat PETG. In turn, the decrease in
OTR was observed for PETG/GNP-LTR and PETG/GNP-
-ANG nanocomposites. Thermal analysis indicates that
the presence of different types of GNPs at the loading of
0.5 wt % in PETG matrix has no effect on T, but causes an
increase of the softening point of the material probably due
to the decrease of molecular mobility of PETG chains.

This work is the result of the research project GEKON2/
05/266860/24/2016 funded by the National Centre for Re-
search and Development and National Fund for Environmen-
tal Protection and Water Management, Poland.
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