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Graphene and its derivatives, such as graphene oxide (GO), have attracted enormous interest from academia and
industry because of its unique electrical, mechanical, and thermal properties, which can lead to enhanced ma-
terial performance. In the present study, low contents of GO were incorporated into the poly (vinyl alcohol-co-
ethylene) (EVOH). First, the GO was prepared by chemical oxidation of graphite employing a modified Hum-
Morphology mer’s method. The GO content of 0.1-0.3 wt % was incorporated in the EVOH matrix using a twin-screw
FEG-SEM extruder and extrusion blown film process to prepare flexible films. EVOH/GO film samples were irradiated at
TEM 100 kGy, using a 1.5 MeV electron-beam accelerator, at room temperature, in the presence of air. GO was
characterized by XRD, ATR-FTIR, FE-SEM, and TEM analysis. XRD patterns of GO show a sharp reflection peak at
20 = 10° (d001) corresponding to a d-spacing at 8.84 A, characteristic of GO. The non-irradiated and irradiated
samples were characterized by XRD, FEG-SEM, TG, DSC, oxygen transmission rate (OTR), UV/VIS analysis, and
tensile tests. EVOH/GO nanocomposite films had an improved oxygen barrier, while also retaining fairly good
transparency. As an effect of e-beam irradiation, the thermal, mechanical, and barrier behaviors of the nano-
composite films were even better than non-irradiated film samples, and obviously better than neat EVOH. Thus,
the incorporation of low contents of GO followed by e-beam radiation treatment might be an interesting alter-
native to produce packaging materials based on EVOH with outstanding performance even under very humid
conditions.

1. Introduction resistance, puncture resistance, chemical resistance, transparency, gloss,

and printability are also required properties.

Currently, flexible packaging is widely used for food packaging ap-
plications instead of rigid packaging. Flexible plastics are thin, light,
easily stretchable, chemically inert, and attractive. Due to the smaller
amount of resin required for its manufacturing, it is cost-effective
compared to rigid packaging. These characteristics emphasize the
brand appeal of the packaged food product. Flexible food packaging
should have good gas and vapor barrier properties to protect the food
from the external environment, to prevent the deterioration by oxida-
tion and discoloration, and to avoid texture and nutrient loss of the
components. In addition to the good barrier, mechanical strength, heat
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The various characteristics required for flexible food packaging can
be achieved by lamination or co-extrusion with metal foil and other
layers with different polymers for specific functions depending on the
food and the intended shelf life (Coles et al., 2003; Raheem, 2013; Marsh
and Bugusu, 2007; Mokwena and Tang, 2012). Polyethylenes and
polypropylenes (homo- and copolymers) are used for contact with the
product because of their excellent chemical resistance and inertness to
most foods, good barrier against water, and thermostability. Poly-
ethylene terephthalate (PET) has good tensile and yield strength as well
as being transparent after processing. Polyamides offer good chemical
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resistance, toughness, and low gas permeability. Poly (vinyl
alcohol-co-ethylene) (EVOH) has one of the lowest oxygen permeability
reported among polymers used in flexible packaging (Marsh and
Bugusu, 2007; Mokwena and Tang, 2012; Cui et al., 2016).

EVOH are a family of resins with excellent gas-barrier properties.
EVOH resins with a copolymerization ratio between 25 and 45 mol % of
ethylene have superior gas-barrier properties than most polymeric ma-
terials. EVOH resins are widely used in the food packaging industry, due
to their exceptional gas-barrier properties to oxygen and organic com-
pounds, and low absorption rate of odor and flavor. EVOH also has
excellent resistance to oils and organic solvents, substantial chemical
resistance, high transparency, and easy processability on a wide range of
conventional co-extrusion processing equipment. Packaging with EVOH
content for the gas-barrier layer is used to pack oily foods like potato
chips, sausage, ham, and mineral oils, and even organic solvents and
agricultural chemicals (Cui et al., 2016; Cabedo et al., 2006; Kucukpinar
and Doruker, 2004).

However, EVOH at high relative humidity presents high water ab-
sorption, which can greatly affect its high gas barrier as well as its
thermal and mechanical properties (Cui et al., 2016; Lasagab a ster et al.,
2009; Kim et al., 2004; Mokwena et al., 2009). Studies have reported
that the inclusion of impermeable lamellar fillers, such as clay and
graphene, into EVOH with sufficient aspect ratio, can significantly
enhance the gas-barrier properties of the polymer. The high aspect ratio
of these nanofillers makes the gas diffusing molecules follow longer and
more tortuous pathways to pass through the nanocomposite film (Cui
et al., 2016; Arora and Padua, 2010; Bumbudsanpharoke and Ko, 2015;
Kim et al., 2014a; Kim and Choi, 2015; Yang et al., 2013a).

Graphene and its derivatives, including graphene oxide (GO), have
attracted attention because they exhibit remarkable and unusual gas
impermeability, high optical transmittance, thermal conductivity,
chemical stability, and excellent mechanical and electrical properties.
Prepared from chemical oxidation of graphite, GO contains a range of
reactive oxygen functional groups (Kim and Choi, 2015; Yang et al.,
2013a; Yoo et al., 2014). One of the most promising applications of GO is
in nanocomposites based on the polar polymer matrix. The increased
interfacial adhesion between GO and polar polymer matrix facilitates
exfoliated structure and homogeneous dispersion (Yang et al., 2013a;
Yoo et al., 2014; Kim and Lee, 2014). Due to its gas-barrier performance
as well as thermal and mechanical properties, GO has been incorporated
into various thermoplastic polymers, including polyurethane, poly
(methyl methacrylate), polyethylene, polystyrene, poly (vinyl alcohol),
polyethylene terephthalate, poly (ethylene vinyl alcohol), and poly
(lactic acid) (Yoo et al., 2014; Kim and Lee, 2014; Huang et al., 2012;
Kim and Jeong, 2010; Al-Jabareen et al., 2012).

In this study, a small amount of graphene oxide was incorporated
into EVOH by melt processing, and its effects on morphology, optical
transparency, mechanical resistance, and oxygen barrier were evaluated
in the EVOH/GO nanocomposite films. The principal aim of this work
was to investigate the impact of incorporating GO to produce a high-
performance composite film based on EVOH resin for food packaging
applications and to explore the possibility of improving composite me-
chanical and oxygen barrier performances using e-beam radiation. The
e-beam radiation was applied in this work because e-beam radiation
processing is an excellent technique to adjust material surface properties
as reported by the literature (Riganakos et al., 1999; El-Saftawy et al.,
2018; Chen et al., 2020; Kim et al., 2005; Pramanik et al., 2014).
Furthermore, our previous work found that EB irradiation induced
changes in many physicochemical properties of EVOH, providing,
among other desirable changes, improved mechanical properties (Oli-
veira et al., 2009; Moura et al., 2009; Santana et al., 2017). The effects of
e-beam irradiation on EVOH/GO nanocomposite films were evaluated
by comparing the results of irradiated samples with non-irradiated ones.
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2. Experimental
2.1. Materials

Graphite flakes from Quimesp Quimica Ltda (Sao Paulo, Brazil);
sulfuric acid (H2SO4, 98%); phosphoric acid (H3PO4, 85%); potassium
permanganate (KMnO4, 99.9%); hydrogen chloride (HCL, 37%);
hydrogen peroxide (H2O2, 30%); ethylene vinyl alcohol copolymer
(EVOH) with 32% mol/ethylene (EVAL™ manufactured by Kuraray Co.
Ltd.) were used in this study.

2.2. Preparation of graphene oxide (GO) nanosheets

GO was produced following a modified Hummers’ method (Yoo
et al., 2014). First, graphite (5 g) and potassium permanganate (15 g)
were homogenized, then concentrated sulfuric acid (100 mL, 98%) was
added by continuous mixing in an ice bath for 20 min. Next, the mixture
was placed in a 90 °C water bath and maintained at that temperature for
60 min, followed by the slow addition of distilled water (400 mL) to keep
the solution from effervescing. Then, a solution of hydrogen peroxide
(30 mL) and distilled water (70 mL) (30/70%) was added and placed in a
mechanical mixer for 2 h to facilitate the exfoliation of the graphitic
domains. The mixture was washed repeatedly with dil. HCI, ethanol, and
distilled water using a centrifuge until it reached a neutral pH. Subse-
quently, GO was added into dimethylformamide (DMF) (30 mL) and
distilled water (70 mL) mixture and ultrasonicated using a high intensity
ultrasonic device (20 kHz, and 450W/cm?) for 2 h. After sonication, the
aqueous solutions containing GO were frozen and freeze-dried for 24 h
to obtain the GO powder.

2.3. Preparation of EVOH/GO flexible films

The EVOH/GO films were processed by twin-screw extrusion and
extrusion blown film processing. The melting extrusion process was used
to incorporate 0.1 to 0.3 wt % of GO in EVOH resin, using a twin-screw
extruder Haake Rheomex P332 with 16 mm and L/D = 25 rate from
Thermo-Scientific. The temperature profile was 182/192/197/197/
205/205C °C and a screw speed of 30 rpm. The extrudates coming out of
the extruder were cooled for better dimensional stability, pelletized by a
pelletizer, dried again, and fed into extrusion blown film, single screw
Haake Rheomex, L/D = 25 rate from Thermo-Scientific to obtain test
samples of flexible film. The temperature profile used in the blow
extrusion process of the EVOH films was 190/195/210/215/215/220 °C
and screw speed was 30 rpm.

2.4. Electron beam irradiation

The flexible film samples (EVOH; EVOH/GO) were irradiated at 100
kGy and a dose rate of 22.3 kGy/s; using a 1.5 MeV, 2.81 mA, electron-
beam accelerator, at room temperature, in the presence of air.

2.5. Characterization of GO

2.5.1. X-ray diffraction (XRD)

XRD patterns of graphite, GO nanosheet, and EVOH/GO flexible
films were recorded on a siemens-d5000 diffractometer operated at 40
kv and 40 mA, with cuka radiation (A = 15.4 10\).

2.5.2. Thermogravimetric (TG) analysis

In this study, the TG analyses of the GO, RGO80, and RGO100
nanosheets were carried out using a Mettler Toledo TGA module “TGA/
SDTA851e” from 30 to 1000 °C at a heating rate of 10 °C/min under
nitrogen atmosphere (50 ml/min).
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2.5.3. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectra of the GO was recorded with a Nicolet Magna-IR
750 spectrometer equipped with a DGTS detector. Spectra were recor-
ded accumulating 64 scans at 4 cm™! resolution in Attenuated Total
Reflection (ATR) mode using a single reflection diamond crystal.

2.5.4. Field emission scanning electron microscopy (FE-SEM)

FE-SEM analyses of the GO were conducted using a JEOL-JSM-6701
F microscope with an accelerating voltage of 1-30 kV, using EDS
Thermo-Scientific Mod. Noran System Six software, in carbon sputtered
samples.

2.5.5. Transmission electron microscopy (TEM)

TEM images of GO were obtained with a JEOL-1010 Field-Emission
Transmission Electron Microscope, operating at an accelerating voltage
of 80 kV.

2.6. Characterization of EVVOH/GO

2.6.1. X-ray diffraction (XRD)

XRD patterns of graphite, GO nanosheet and EVOH/GO flexible films
were recorded on a Simens - D5000 diffractometer operated at 40 kv and
40 mA, with cuka radiation (A = 15.4 &).

2.6.2. Oxygen transmission rate (OTR)

The OTR was determined based on ASTM D 3985-81, using an Ox-
tran 2/20 (Mocon Inc.) at test conditions of 23 °C, 0 and 90% relative
humidity.

2.6.3. UV-VIS
UV/VIS spectra were obtained using a Shimadzu uv1601pc
Spectrophotometer.

2.6.4. Mechanical tests

Tensile tests were determined using an Instron testing machine
model 5564, according to ASTM D 882-91, to evaluate the mechanical
behavior of the materials studied. Each value obtained represented the
average of five samples.

2.6.5. Differential scanning calorimetry (DSC)

DSC analyses were performed with a Mettler Toledo DSC 822e from
25 to 250 °C at a heating rate of 10 °C/min under nitrogen atmosphere
(50 ml/min). Two consecutive heating scans were conducted from 25 °C
to 250 °C at 10 °Cemin ' with an intermediate cooling step at
10 °Cemin L. DSC was carried out to obtain the melt temperature (Tm),
melting enthalpy (AHm), and crystallinity percentage variation X. (%)
of non-irradiated and irradiated neat EVOH and EVOH/GO flexible
films. The X, is directly related to melting enthalpy (AHm) and was
determined by the following equation:

Xc = (AHm/AHM? (1 - Wp) x 100% [1]

Where:

AHm = melting enthalpy of sample

AHm® = melting enthalpy of EVOH assuming 100% crystallinity =
169.2 J/g

Wy = mass fraction of the GO in the flexible films

2.6.6. Thermogravimetric analysis (TG)

In this study, the TG analyses were done in a Mettler Toledo TGA
module “TGA/SDTA851e” from 25 to 500 °C at a heating rate of 10 °C/
min under nitrogen atmosphere (50 ml/min).
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Fig. 1. XRD diffraction patterns for the graphite and graphene oxide
sheets (GO).
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Fig. 2. ATR-FTIR spectra of GO in the range of 4000-600 cm .

2.6.7. Attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR)

ATR-FTIR spectra of the GO was recorded with a Nicolet Magna-IR
750 Spectrometer equipped with a DGTS detector. Spectra were recor-
ded accumulating 64 scans at 4 cm ™! resolution in ATR mode using a
single reflection diamond crystal.

2.6.8. Field emission scanning electron microscopy (FE-SEM)

FE-SEM of cryofractured samples under liquid nitrogen were con-
ducted using a JEOL-JSM-6701 F microscope with an accelerating
voltage of 1-30 KV, using EDS Thermo-Scientific Mod. Noran System Six
software, on carbon sputtered samples.

3. Results and discussion
3.1. GO characterization results

3.1.1. XRD analysis results

XRD analysis of graphite and graphene oxide nanosheets (GO) are
presented in Fig. 1. The diffraction peak for graphite powder was at 260 =
26°, corresponding to the interlayer distance of 0.34 nm. After oxidation
of graphite powder, the diffraction peak for graphene oxide was at 26 =
10°, corresponding to the interlayer distance of 0.88 nm. The larger
interlayer spacing of GO than graphite powder layers is due to the
insertion of oxygen-containing functional groups between the layers.
Similar findings have previously been reported (Huang et al., 2011;
Wang et al., 2017; Emiru and Ayele, 2017).
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Fig. 3. TG (a) and (b) DTG curves of GO.

Table 1
Decomposition temperatures and weight loss of graphene oxide (GO).
Samples Stage 1 Stage 2 Stage 3 Tso” (°C)
Tonset W.L. ? Tonset W.L.* Tonset W.L.
H (%) E (%) E (%)
GO 42 6 235 10 543 28 800.6

2 W.L. = Weight Loss.
b Ty, = Degradation temperature at 50 wt % weight loss.
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Fig. 4. FE-SEM images of GO with 8.500 x (4a) and with 100.000 x magni-
fication (4b).

3.1.2. ATR-FTIR analysis results

ATR-FTIR spectra of GO sheets are in Fig. 2. The intensity band
observed at 1741 cm ™! is due to the mechanism of exfoliation mainly
because of the expansion of CO, evolved in the interstices between the

Fig. 5. TEM images of GO with 200 nm (5a) and with 50 nm magnifica-
tion (5b).

graphene sheets during rapid heating. The multiple peaks observed at
1500 to 958 cm ™! can be assigned to various functional groups, such as
hydroxyl (1061 and 1393 cm™ 1), epoxy groups (C-O-C) at 1233 cm ™},
carbonyl (C=0), and carboxylic in GO. The most intense bands are at
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Fig. 6. XRD diffraction patterns for the neat EVOH and EVOH/GO flexible films.

approximately 2921 cm ™! and 2851 cm ™}, corresponding to the asym-
metric vibration modes of elongation C-H and symmetrical C-H (CH3)
stretching, respectively (Huang et al., 2011; Wang et al., 2017; Emiru
and Ayele, 2017; Meng and Park, 2012).

3.1.3. Thermogravimetric analysis results (TG)

Thermogravimetric analysis (TG) was used to investigate the thermal
stability of the GO. Fig. 3 shows the TG (3a) and DTG curves (3b) for the
GO. Three stages of degradation, in which the first is at the temperature
range of 42-229 °C, could be due to the loss of moisture and corresponds
to the decomposition of labile oxygen-containing functional groups. The
second from 236 to 539 °C corresponds to the removal of more stable
oxygen-containing functional groups. The last stage at a temperature
range of 543-978 °C with a higher weight loss of about 50% at about
800 °C is associated with high-temperature pyrolysis of the carbon
skeleton (El-Rehim and Tartour, 2018; Yang et al., 2014). This result
indicates a higher thermal stability of GO and makes it suitable to
incorporate into several polymer matrices, especially in EVOH matrix.

The decomposition temperatures and weight loss of GO are pre-
sented in Table 1.

3.1.4. FE-SEM analysis results

Fig. 4 shows FE-SEM micrographs of the GO surface with 8.500 x
(4a) and with 100.000 x magnification (4b). Fig. 4a and b illustrate that
GO had surface roughness with some aggregated domains and close
stacking of sheets.

3.1.5. TEM analysis results

Fig. 5 presents the TEM images of GO with magnification of 200 nm
(5a) and 50 nm (5b).

The image of GO nanosheet (5a; 5b) exhibits a flat and smooth sur-
face with aggregated domains and transparent regions that are probably
a monolayer of GO. Fig. 6a appears wrinkled with some folding regions,
due to the formation and reconstruction of new chemical bonds on the
single-layered carbon.

3.2. Characterization results of neat EVOH and EVOH/GO flexible films

3.2.1. XRD analysis results of neat EVOH and EVOH/GO flexible films
Fig. 6 shows the XRD patterns in the 20 range of 2°~70° for neat
EVOH and EVOH/GO flexible films. The characteristic peak of EVOH at
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Fig. 7. XRD diffraction patterns for non-irradiated and irradiated flexible films; (a) neat EVOH and EVOH/GO 0.1%; (b) EVOH/GO 0.2-0.3%.
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Fig. 8. TG thermograms of neat EVOH and EVOH/GO flexible films.

Table 2
Decomposition temperature and weight loss of neat EVOH and EVOH/GO films.

Flexible Films Tonset (°C) Tmax °C) Total Weight Loss (%)
Neat EVOH 330 555 100
Neat EVOH IR 296.2 574 100
EVOH/GO (0.1) * 273.1 598 98.0
EVOH/GO IR (0.1) * 257.1 584 97.6
EVOH/GO (0.2) © 288.9 598 98.5
EVOH/GO IR (0.2) © 272.1 580 96.1
EVOH/GO (0.3) ¢ 301.6 598 95.5
EVOH/GO IR (0.3) © 264.5 580 97.5

2 EVOH/GO (99.9/0.1 wt %).
> EVOH/GO (99. 8/0.2 wt %).
¢ EVOH/GO (99.7/0.3 wt%).

20.3° is visible in the XRD patterns of neat EVOHVOH/GO (Kim and
Choi, 2015; Meng and Park, 2012). A slight shift and formation of a
thinner and higher peak at 20 = 20.1° for EVOH/GO nanocomposites
can also be seen in this figure (Kim and Lee, 2014). However, the
characteristic peak of GO at 20 = 10° for EVOH/GO was not observed,
suggesting that some stacked layers remained, but a large part of GO
sheets are intercalated between EVOH molecular chains (Zhan et al.,
2021).

Fig. 7 shows the XRD patterns in the 20 range of 2°~70° for non-
irradiated and irradiated EVOH/GO flexible films. After irradiation of
neat EVOH, no new peaks or peak shifts occurred, indicating stability in
the lattice spacing, although a decrease in intensity of the characteristic
peak of EVOH at 20.3° is clear. This decrease is attributed to the
reduction of crystallinity degree, due to crosslinking caused by irradia-
tion, which occurs preferentially in the amorphous region of EVOH,
changing the molecular structure and hindering the growth of crystals
(El-Saftawy et al., 2018; Moura et al., 2009; Nogueira Beatriz et al.,

Table 3
DSC analysis results for neat EVOH and EVOH/GO flexible films.
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2011).

Figs. 6 and 7 illustrate that as the GO content was added from O to
0.3 wt %, a thinner and higher intensity peak at 20 = 20.1° becomes
visible for both non-irradiated and irradiated EVOH/GO. The addition of
GO to EVOH clearly did not produce new peaks, but a shift from 26
values of 20.3°-20.1°. This indicates that the intermolecular packaging
order of neat EVOH decreased slightly due to the incorporation of GO,
but it did not significantly alter or enhance the structural regularity of
neat EVOH. After irradiation, a decrease in the intensity of the peak at
20 = 20.1° was also observed for all the EVOH/GO nanocomposite films
irradiated due to a decrease in the crystallinity degree in the EVOH
because of crosslinking caused by irradiation (Kim et al., 2014a; Kim and
Choi, 2015; El-Saftawy et al., 2018; Moura et al., 2009; Nogueira Beatriz
et al., 2011).

3.2.2. TG analysis results of neat EVOH and EVOH/GO flexible films

Fig. 8 are the TG thermograms of the neat EVOH and EVOH/GO
flexible films. TG of the composites showed a great difference in weight
loss and in the onset degradation temperature from the neat EVOH.
Changes in the thermal degradation temperature occurred in the irra-
diated EVOH and EVOH/GO samples. The decomposition temperature
and weight loss of non-irradiated and irradiated EVOH/GO flexible films
are provided in Table 2. The onset degradation temperatures of the
EVOH/GO flexible films were less than for the neat EVOH due to the
addition of GO nanosheets and e-beam irradiation. For all samples, the
weight loss in the temperature ranging from 100 to 200 °C could be
attributed to the absorbed water and the pyrolysis of oxygen-containing
functional groups, such as -OH and —-COOH (Yang et al., 2013a). The
maximum temperature T,y increased due to GO addition and e-beam
irradiation. This result confirms that the incorporation of GO into EVOH
provided a significant improvement of the thermal stability of EVOH
(Zhan et al., 2021; Kwon et al., 2013).

3.2.3. DSC analysis results of neat EVOH and EVOH/GO films

Table 3 shows the values of melting temperature (Tm), melting
enthalpy (AHm), and crystallinity percentage of neat EVOH and EVOH/
GO films. The crystallinity percentage of irradiated neat EVOH samples
were not affected significantly in comparison to non-irradiated neat
EVOH. It is very well known from the radiation effects in polymers that
radiation-induced crosslinking occurs only in the amorphous phase of a
semi-crystalline polymer; hence, the crystallinity of irradiated neat
EVOH films remains almost the same.

Table 3 clearly demonstrates that the changes in melting tempera-
ture and enthalpy of EVOH were due to the addition of GO nanosheets.
The incorporation of 0.1-0.3 wt % of GO nanosheets led to a significant
reduction of the melting temperature and enthalpy of EVOH/GO and
consequently in the crystallinity percentage of the original EVOH films.
The reduction of melting enthalpy and consequently crystallinity per-
centage due to incorporation of GO nanosheets has also been observed
and reported by various other authors (Yang et al., 2013a; Kim and Lee,

EVOH Material 1° Heating Scans

2° Heating Scans Crystallinity (Xc, %)

Melting Temperature (Tm, °C)  Melting Enthalpy (AHm, Jg-1)

Melting Temperature (Tm, °C)  Melting Enthalpy (AHm, Jg-1)

Neat EVOH 181.0 53,1
Neat EVOH IR 179.7 50.3
EVOH/GO 0.1° 178.9 53.8
EVOH/GO IR 0.1*  173.7 51.6
EVOH/GO 0.2 " 178.8 55.7
EVOH/GO IR 0.2°  174.3 55.6
EVOH/GO 0.3 180.9 58.5
EVOH/GO IR 0.3°  173.6 53.3

180.5 47 27.8
177.0 46.0 27.2
174.5 36.0 21.5
163.1 33.1 19.8
174.3 28.4 21.5
160.6 24.1 17.1
174.0 21.1 14.7
148.9 17.5 12.9

2 EVOH/GO (99.9/0.1 wt %).
> EVOH/GO (99. 8/0.2 wt %).
¢ EVOH/GO (99.7/0.3 wt%).
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Table 4
Oxygen transmission rate (OTR) results of neat EVOH and EVOH/GO flexible
films.

Material Thickness 23 °C Relative Humidity OTR
(pm) (RH) Factor of
I %
0 %) 90 (%) ncrease (%)
Neat EVOH 40+ 2 0.52 cc/ 2.44 cc/ 4.7
m?.day m?.day
Neat EVOH IR 40 + 2 0.43 cc/ 1.74 cc/ 4.0
m?.day m?.day
EVOH/GO 40 £ 1.5 0.10 cc/ 0.14 cc/ 1.4
o.n* m?.day m?.day
EVOH/GO IR 40 +£1.5 0.08 cc/ 0.10 cc/ 1.25
0.1)*° m?.day m2.day
EVOH/GO 30+1.7 0.48 cc/ 1.80 cc/ 3.8
0.2)"° m?.day m?.day
EVOH/GO IR 30+1.7 0.36 cc/ 1.30 cc/ 3.6
0.2)" m?.day m2.day
EVOH/GO 35+1.3 0.38 cc/ 2.06 cc/ 5.4
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Fig. 9. UV-VIS transmittance spectra for the neat EVOH and EVOH/GO flex-
ible films.

2014).

The irradiated EVOH/GO film samples presented a smaller melting
temperature and enthalpy and crystallinity percentage than non-
irradiated EVOH/GO films. According to Kim and Choi (2015), the
reduction of Xc of EVOH with the incorporation of GO nanosheets is due
to the strong interaction between the GO and EVOH, which confines the
mobility of the EVOH chains close to the GO surface hindering the
regular packing of the EVOH chains into crystal lattices (Yang et al.,
2013a; Kim and Lee, 2014). The variation in Xc of EVOH observed in this
work due to the addition of GO nanosheets is very important for
EVOH/GO packaging applications, because in semi-crystalline poly-
mers, like EVOH, the degree of crystallinity (Xc) and the crystalline
structure induced by the crystallization process generally affect the
gas-barrier performance as well as their physical and mechanical
properties.

3.2.4. Analysis results for oxygen transmission rate (OTR) of neat EVOH
and EVOH/GO films

Table 4 presents the oxygen transmission rate (OTR) of neat EVOH
and EVOH/GO films measured at 23 °C and two different relative
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Fig. 10. ATR-FTIR spectra of EVOH and EVOH/GO in the range of
4000-600 cm ™.

humidity test conditions (0 and 90%). With an incorporation of 0.1-0.3
wt % of GO nanosheets, the oxygen barrier properties of the EVOH/GO
nanocomposite films in the 0% relative humidity test conditions were
drastically improved, up to five orders of relative magnitude, compared
to neat EVOH films. For EVOH/GO film with 0.1 and 0.2 wt % content of
GO nanosheets, the increase of OTR in the 90% relative humidity test
was less than for neat EVOH film. For irradiated EVOH/GO film samples,
the oxygen barrier properties at 0% and 90% relative humidity test
conditions were even less than non-irradiated EVOH/GO film samples.
The reduction of melting enthalpy and consequently crystallinity per-
centage due to incorporation of GO nanosheets was also observed and
reported. On the other hand, non-irradiated and irradiated EVOH/GO
films with incorporation of 0.1 wt % GO nanosheets presented better
oxygen barrier properties in both 0 and 90% relative humidity condi-
tions and was even better for the irradiated samples.

3.2.5. UV/VIS analysis results of neat EVOH and EVOH/GO films

Fig. 9 presents the UV-VIS transmittance spectra for the neat EVOH
and EVOH/GO films. The addition of 0.1-0.3 wt % GO nanosheets led to
a decrease in % transmittance at low wavelengths (195-350 nm) and to
a very slight decrease at higher wavelengths (350-750 nm). At wave-
lengths within the UV range, light transmission is reduced with
increased addition of GO nanosheets, which suggests that the UV barrier
improved due to the incorporation of GO nanosheets. The high optical
transparency is a significant requirement for the application of food
packaging film because it can allow the visual identification of the
condition of foods inside the film, such as freshness or spoilage. There-
fore, the effect of graphene nanosheet incorporation on the variation of
optical transparency of the EVOH/GO films was examined due to the
possibility of its application as an oxygen barrier layer in multilayer food
packaging structure. The neat EVOH and EVOH/GO films had a trans-
parency with a light transmittance of around 87% in the entire visible
light region. This result suggests that the incorporation of a small
number of graphene nanosheets up to 0.3 wt % can yield a nano-
composite film with a good transparency to be utilized as food pack-
aging films. For irradiated neat EVOH and EVOH/GO film samples, no
significant changes were observed.

3.2.6. ATR-FTIR analysis results of neat EVOH and EVOH/GO films

Fig. 10 charts the ATR-FTIR-spectra of the neat EVOH and EVOH/GO
films containing from 0.1 to 0.3 wt % of GO. EVOH and EVOH/GO
spectra display the characteristic absorption peaks of EVOH at
2800-3000 cm' and 1300-1500 cm ™, identified by symmetrical elon-
gation chains (CHy) and deformation bands (CHg), respectively (Kim
and Choi, 2015; Yang et al., 2013b, 2014; Zhan et al., 2021; Kwon et al.,
2013; Kim et al., 2014b). The presence of absorption bands between
3100 and 3600 cm ! indicates that O-H groups are present. There was a
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Table 5
- Mechanical test results for neat EVOH and EVOH/GO flexible films.
Material Thickness Tensile strength  Elongation at Young’s
(pm) at break (MPa) break (%) Modulus
(MPa)

Neat EVOH 40 £ 2 359+ 0.4 155.6 + 9.6 257.7 + 40.7

Neat EVOH 40+ 2 36+2 100 £ 6 258.4 + 42,5
IR

EVOH/GO 40 £ 1.5 31.4+1.2 60.6 + 7.4 351.7 + 65.0
0.1

EVOH/GO 40+ 1.5 46 +1 11+1 515.3 + 49.0
IR 0.1

EVOH/GO 30+1.7 259 +1.3 67.2 + 3.7 297.9 + 33.9
0.2

EVOH/ 50+1 41 £2 15+1 471.6 + 39.8
RGO IR
0.2

EVOH/GO 35+13 231+13 47.2+1.8 227.4 + 33.9
0.3

EVOH/ 35+13 50 £ 4 9+0.3 492.2 + 46.2
RGO IR
0.3

significant increase in the intensity of the peaks of the EVOH/GO spectra
when compared to neat EVOH (Kim and Choi, 2015; Yang et al., 2013b,
2014; Zhan et al., 2021; Kwon et al., 2013; Kim et al., 2014b).

3.2.7. Mechanical test results of neat EVOH and EVOH/GO flexible films

The results presented in Table 5 from the mechanical tests show the
average values calculated from the data obtained in tests for five test
specimens, crosshead speed at 500 mm/min, with standard deviations
less than 10% for all tests. The addition of GO nanosheets into EVOH
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caused a significant decrease in the original tensile strength and elon-
gation at the break of EVOH film. However, an important increase in
Young’s modulus occurred for EVOH/GO films containing 0.1 and 0.2
wt % added GO. The Young’s modulus increased with the increase up to
0.2% of GO incorporated into the matrix. The increase in Young’s
modulus was expected because of the high rigidity of GO due to its
carbon-carbon sp? bonds. However, the tensile strength and elongation
at break are more critical and dependent on the homogeneous distri-
bution of GO in the matrix. The GO agglomerates can lead to rapid crack
propagation and poor interfacial adhesion, which are the main factors
associated with low nanocomposite strength. When the content of GO in
the matrix increased to 0.3%, a reduction in Young’s modulus was
observed, due to the very bad dispersion of the GO in the EVOH matrix.
The irradiated EVOH/GO film samples exhibited even higher tensile
properties than non-irradiated EVOH/GO film samples (Yang et al.,
2013b).

These results infer that e-beam radiation dose at 100 kGy used in this
work can be considered economically feasible to apply commercially in
EVOH/GO film. E-beam radiation at 100 kGy was a very convenient tool
to create desirable effects on the properties of the film contributing to
the production of a high-performance composite film based on EVOH
resin for a variety of packaging applications, such as of food and elec-
tronic packaging. In addition, the gains in the mechanical properties and
oxygen barrier produced by e-beam radiation dose at 100 kGy can
reduce the film thickness, which leads to a reduction in the amount of
raw material (EVOH resin). Considering the high price of EVOH resin in
the international resin market, the radiation dose of 100 kGy could ul-
timately help reduce the final cost of producing the EVOH/GO, a high-
performance composite film. Furthermore, commercial radiation ap-
plications on polymer materials using electron-beam accelerators (200
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Fig. 11. FE-SEM images of neat EVOH and EVOH/GO, magnifications of 1000 x and 5000 x : neat EVOH (a,b); EVOH/GO(0.1% GO) (c,d).
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Fig. 12. FE-SEM images of EVOH/GO, magnifications of 1000 x and 5000 x : EVOH/GO 0.2% GO) (a,b); and 0.3% GO (c,d).

KeV to 10 MeV) are widely used the world over by wire/cable, heat
shrinkable, surface curing, and other related industries, because of their
ability to deliver high doses at large throughputs and thin products
(Sarma, 2003; Sabharwal, 2013).

3.2.8. FE-SEM analysis results of neat EVOH and EVOH/GO flexible film

FE-SEM micrographs of cryofractured surfaces of the neat EVOH and
EVOH/GO films were studied to understand the failure mechanisms and
the possible interaction between GO nanosheets and EVOH resin. Fig. 11
contains FE-SEM micrographs of neat EVOH and EVOH/GO films in
1000 x and 5000 x magnifications, respectively, of neat EVOH (a,b),
EVOH/GO with 0.1 wt % GO (c, d). Fig. 12 contains FE-SEM micro-
graphs of EVOH/GO with 0.2 wt % GO (a, b), and EVOH/GO with 0.3 wt
% (c, d). EVOH/GO with 0.1 wt % of GO presented a homogeneously
dispersion of GO without any aggregation on the surface of the EVOH
matrix. However, when 0.2 wt % of GO are added into the EVOH matrix,
the arrangement of GO in EVOH became irregular, and there was some
GO agglomeration. For EVOH/GO with 0.3 wt % GO, although GO ag-
gregates cannot be seen on the FE-SEM micrographs of cryofractured
surfaces, the corrugated surface suggests a non-homogeneous distribu-
tion of GO and its poor dispersion into the EVOH matrix.

4. Conclusions

This work investigated the effects of incorporating a small amount of
graphene oxide into EVOH resin employing melt processing and e-beam
irradiation on the morphology, optical transparency, mechanical resis-
tance, and oxygen barrier of EVOH/GO nanocomposite films. Results
showed that the incorporation of GO nanosheets in EVOH matrix ob-
tained EVOH/GO flexible films with good transparency and light

transmittance in the entire visible light spectra in comparison with
EVOH flexible films as well as a better oxygen barrier. For irradiated
EVOH/GO film samples, the oxygen barrier properties at 0% and 90%
relative humidity test conditions were even less than non-irradiated
EVOH/GO film samples. The tensile tests showed a significant
decreasing in the original tensile strength and elongation at break of
EVOH flexible film with increased amount of GO added, but an impor-
tant increase in Young’s modulus for flexible films containing 0.1 and
0.2 wt % of added GO was also observed. For irradiated EVOH/GO
samples, the tensile properties based on this result indicate that the
extent of exfoliation and dispersion state of the graphene oxide nano-
sheets in the EVOH matrix following e-beam irradiation are a significant
factor for producing high-performance composite film based on EVOH
resin for food packaging application. However, the methodology used to
produce graphene oxide nanosheets is still a limiting factor for large
production of EVOH/GO composite films.
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