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Abstract: The gas barrier properties of polymers can be improved by reducing gas
diffusivity and solubility by using graphene oxide (GO) of various lateral sizes (~3,
~25, ~45 um). By using GO, the gas diffusion path of the polymer was effectively
increased. To reduce the solubility, alkylated GO (AGO) was synthesized by an Sy2
reaction between octyl amine and GO. The hydrophobicity of AGO was confirmed
through contact angle measurements, and octylamine on the AGO surface was identified by Fourier-transform infrared spectroscopy and
X-ray photoelectron spectroscopy analysis. When GO and AGO with comparatively large lateral size (~45 um) were homogeneously dis-
persed in polyvinyl alcohol (PVA) and polyvinylidene chloride (PVDC), respectively, the oxygen transmission rates (OTR) of resulting
PVA/GO and PVDC/AGO composite films were significantly reduced. The OTR of PVA/GO composite film reduced from 1.9 x 100 to 5.0 x
102 cm® /m*day as compared to neat PVA; whereas, the OTR of PVDC/AGO composite film reduced from 1.2 x 100 to 6.8 x 10 cm?/m?*day.
In addition, the water vapor transmission rate (WVTR) of the PVDC/AGO composite film remarkably decreased from 1.4 g/m*day (neat
PVDC) to ~5.5x10" g/m*-day, where the lateral size of AGO was insignificant. The WVTR results of PVDC/AGO composite films are in con-
trast to those for PVA/GO composite films, which did not demonstrate any improvement in WVTR with the addition of GO. Based on the
experimental results, it was determined that oxygen permeability and water vapor permeability are more affected by diffusivity and sol-
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ubility, respectively.
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1. Introduction

Polymers are suitable materials for gas barrier films because of
their transparency, flexibility, processability, and lightweight."
The gas permeability, P of polymers can be expressed as P= S x D,
where S is the solubility and D is the diffusivity of gas.'*** Thus,
reducing the D and S of polymers improves the gas barrier proper-
ties. Recently, two-dimensional nanoplatelets such as graphene
oxide (GO) and clay have been used as nanofillers to improve the
gas barrier properties of polymer nanocomposite films.***# The
appropriately dispersed nanoplatelets in the polymer matrix
extend the diffusion length of the gas molecules through the
tortuous effect and reduce gas adhesion and adsorption to the
polymer by reducing the S of the polymer.”% Therefore, the lat-
eral size and hydrophobicity of nanoplatelets play an important
role in determining the gas barrier properties of polymer nano-
composite films.***% Large lateral size nanoplatelets maximize
the tortuous effect, effectively reducing the D of the polymer. J.
Shen et al. prepared a GO-polyether block amide membrane to
investigate the size effect of GO on membrane CO, gas permea-
bility.? P. Das et al. used synthetic nanoclays with ultrahigh aspect
ratios to improve the gas barrier properties of polyvinyl alco-
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hol (PVA) films.* The S of polymer affects the permeability, but
most studies have focused on the effect of nanoplatelet size on
permeability.*** GO can control the hydrophobicity through vari-
ous surface modification methods.***** Reduced graphene oxide
(rGO), produced by chemical reduction with hydrazine, can be
used as a filler in high barrier polymer materials because of its
hydrophobicity and few defects.***° However, rGO molecules
aggregate with each other by strong interaction forces, making
it difficult to disperse them homogeneously in organic solvents
for polymer fabrication. Alkylation is an effective method of obtain-
ing hydrophobicity and homogeneous dispersion in organic
solvents for polymers.* ]. H. Choe et al. prepared alkylated graphene
oxide (AGO) using octylamine to ensure the dispersion and
hydrophobicity of GO in tetrahydrofuran, a good solvent of polyvi-
nylidene chloride (PVDC).** PVDC composite films with AGO
showed improved water vapor barrier properties. However,
the effect of the lateral size of AGO on the gas barrier proper-
ties of PVDC could not be confirmed.

PVA is known as one of the most effective oxygen barrier
polymers because of its strong intermolecular forces.****¢ How-
ever, because of the highwater solubility of the hydrophilic func-
tional groups, PVA molecules are swollen and thus lower the
water barrier properties.

PVDC has a dense microstructure and strong cohesive energy
density because of its head-to-tail structure and low water sol-
ubility.*”*® Therefore, PVDC exhibits excellent oxygen and water
vapor barrier properties.***
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In this study, we propose an effective method to reduce both
D and S of polymers through GO. The D of polymers was controlled
by using various lateral sizes (3, 25, and 45 pm) of GO (GO3, GO25,
and GO45, respectively), and the S of polymers was controlled
by hydrophobic AGO prepared using octylamine. Gas barrier
properties, including oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR), were measured by coating the
polymer nanocomposites on poly(ethylene terephthalate) (PET)
films based on previously reported studies.*>**** It was found
thatthe OTRs of PVA/GO and PVDC/AGO composite films were
reduced as the lateral size of GO increased. The OTR of PVA/
G045 composite film decreased from 1.9 x 10° to 5.0 x 102 cm®*m™®
day™ compared with neat PVA and that of PVDC/AGO45 compos-
ite film decreased from 1.2 x 10°t0 6.8 x 10" cm*m™?day™ com-
pared with neat PVDC. However, the WVTR of PVDC/AGO films
(~5.5 x 10" gm?day™) did not depend on the lateral size of AGO.
The results of the study show that the permeability of oxygen
and water vapor are affected by the D and S of polymer, respec-
tively.

2. Experimental
2.1. Materials

All GOs with their diverse lateral size were kindly supplied by
JMC Corporation (Ulsan, Korea). Octylamine (>99%), PVA (M,, =
85,000 - 234,000, 99% hydrolyzed), 1-methoxy-2-propanol (PGME)
(>99.5%), tetrahydrofuran (THF) (>99.5%), and toluene (>99.5%)
were purchased from Sigma-Aldrich Chemical Co. (Seoul, Korea).
Poly(ethylene terephthalate) (PET, thickness = 125 um) film coated
with polyurethane was purchased from Kolon Co. (Seoul, Korea).
Polyvinylidene chloride (PVDC) (M,, = ~90,000) was purchased
from Asahi Kasei (Tokyo, Japan).

2.2. Preparation of AGO
Hundred micrograms of GO were dispersed in 50 g of PGME by

ultrasonication. Then, 0.5 g of octylamine was added to the GO/
PGME solution and stirred at 80 °C for 24 h. The residual octyl-

amine of the AGO/PGME solution was removed using centrifu-
gation at 9500 rpm, 4 °C for 30 min and lyophilized at-50 °C and
0.045 mbar for 72 h using a lyophilizer (LP3, Jouan, France).****

2.3.Preparation of PVA/GO composite films

Four grams of PVA were dissolved in 50 g of deionized water
containing 2 mg of GO by magnetic stirring at 100 °C for 2 h.
Subsequently, the resulting PVA/GO nanocomposites were coated
on PET films at 60 °C using a wire bar (30). The product was
dried in an oven for 12 h at 80 °C (coating thickness = ~2 pum).

2.4.Preparation of PVDC/AGO composite films

Eight grams of PVDC were dissolved in 50 g of the THF /tolu-
ene (2:1) mixed solvent containing 16 mg of AGO by magnetic
stirring at 60 °C for 30 min. Subsequently, the resulting PVDC/
AGO nanocomposites were coated on PET films at 60 °C using a
wire bar (7). The product was dried in an oven for 4 h at 80 °C
(coating thickness = ~10 pum).

2.5. Characterization

To confirm the dispersion stability of AGO in THF /toluene mixed
solvent, a photograph of the nanofillers solutions was obtained
using a digital camera (D7200, Nikon, Japan), and the morphol-
ogies of GO and AGO were examined using field-emission scan-
ning electron microscopy (FE-SEM, S-4300SE, Hitachi, Japan).
Fourier-transform infrared (FT-IR, VERTEX 80 V, Bruker, Ger-
many) spectra of the nanofillers (ie., GO and AGO) were obtained
using an infrared spectrometer in the spectral region of 4000-
500 c, over 64 scans with a resolution of 4 cm™. The chemical
compositions of GO and AGO were examined by X-ray photo-
electron spectroscopy (XPS, PHI 5700 ESCA, USA) with mono-
chromatic Al Ka radiation (hv = 1,486.6 eV). The contact angle
images of PVDC, PVA, GO, and AGO were obtained using a digital
camera (D7200, Nikon, Japan). Image analyzing software Image]
and the JAVA plugin were used to determine the contact angle
of water droplets resting on the PVDC, PVA, GO, and AGO solid

Figure 1. SEM images of (a) GO3, (b) GO25, (c) G045, (d) AGO3, (e) AGO25, and (f) AGO45.
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Table 1. OTR of neat PVA and PVA/GO composite films

Sample PET film Neat PVA PVA/GO3" PVA/GO25° PVA/GO45°
OTR (cm® m?day™) 1.6 x 10! 1.9 x 10° 9.0x10* 6.0 x 10 5.0x10*
9GO Content (0.05 wt%).
gl — S S — i [ —— AGO 45
| | - AGO 25
— e —— o
— . | < AGO 3
S o <R
- — V[ ———— 2 cHcH GO45 4 y
— | e — b \
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Polyvinyl alcohol » Oxygen molecule Graphene oxide g GO 3
Scheme 1. Gas diffusion path according to lateral size of GO. = o C=0
surfaces. OTR data were obtained using OX-TRAN Model 2/21 4000 3000 2000 1000

(MOCON, Minneapolis, MN, USA) by ASTM D3985 at 23 °C and
0% RH. WVTR data were obtained using Permatran-W Model
3/61 (MOCON, AQUATRANZ2, USA) by ASTM F1249-14 at 38 °C
and 100% RH.

3. Results and discussion
3.1. Morphology and lateral size of GO

Well-dispersed GO in polymer forms a tortuous path because
of its impermeability."** Therefore, the gas barrier properties
of polymer nanocomposite films are affected by the morphol-
ogy and lateral size of GO. To investigate the morphology and
lateral size of GO and AGO, FE-SEM images were obtained (Figure
1). In the FE-SEM images, GO and AGO exhibited a two-dimen-
sional shape with average lateral sizes of ~3, ~25, and ~45 pm
(GO3, G025, and G045, respectively, and AGO3, AGO25, and
AGO45, respectively). In addition, the image did not show sig-
nificant differences in the morphologies of GO and AGO. This
indicates that there is no topology defect in the AGO plane synthe-
sized with octylamine. Thus, GO45 and AGO45 with the largest
lateral size were expected to maximize the tortuous effect by
effectively extending the gas diffusion path.

3.2. Gas barrier properties of PVA/GO composite coated
films

Table 1 shows the OTR of the PVA/GO composite coated on the
PET substrate. GO decreased the D of PVA by extending the gas

GO3

AGO3 G025 AGO25 GO45 AGO45 .
0.1 wt %, afte

Wavenumber (cm™)
Figure 3. FT-IR spectra of GO3, G025, G045, AGO3, AGO25, and AGO45.

Table 2. Carbon, oxygen, and nitrogen contents of GO and AGO calculated
by XPS results

XPS results (at%)

Sample C A N
GO3 69.8 30.2

G025 67.5 325

G045 66.7 333

AGO3 75.4 20.7 39

AGO25 76.8 19.5 3.7

AGO45 75.3 21.0 3.7

diffusion path and reducing the free volume because of hydrogen
bonding between GO and PVA. The OTR of the PVA/GO compos-
ite films decreased overall compared with that of neat PVA films,
and as the lateral size of GO increased, the OTR of the PVA/GO
composite films decreased from 9.0 x 102 t0 5.0 x 10% cm®*m?day™.
These results indicate that a large lateral size of GO can more
effectively extend the gas diffusion path of the polymer (Scheme
1). However, because of the water solubility of PVA, the WVTR
of PVA/GO could not be measured.

3.3. AGO synthesis and characterization

The homogeneous dispersion in the polymer and hydropho-
bicity of GO are important characteristics because they affect the

g - |
03 GO25 AGO25 GO45 AGO45

PR {wEckd F (A /ASRAS

Figure 2. Photographs of dispersion behaviors in THF /toluene (1:2) mixed solution.
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Table 3. Contact angle of water on GO, AGO, and PVDC

Sample Contact angle (°) Sample Contact angle (°)

GO3 46.1+1 AGO3 104.0+1

G025 43.3%1 AGO25 110.2+1

G045 42.8+3 AGO45 107.8+1

PVA 48.3+2 PVDC 72.6%1

Table 4. OTR and WVTR of neat PVDC and PVDC/AGO composite films
Sample PET film Neat PVDC PVDC/AGO3° PVDC/AGO25° PVDC/AGO45°

OTR (cm® m?day™) 1.6 x 10! 1.2 x10° 7.5x 10" 69x 10" 6.8x 10"
WVTR (g m?day™) 5.1x10° 1.4 x 10° 5.5 x 10 5.6 x 107 5.5x 10!

“AGO content (0.2 wt%).

improvement in gas barrier properties of polymer nanocom-
posite films by reducing D and S. Therefore, various surface
modification methods of GO such as reduction with hydrazine
and alkylation have been studied to obtain homogeneous dis-
persion and hydrophobicity of GO in good solvents for polymers.
In this study, AGO was synthesized through octylamine because
rGO aggregates in THF /toluene mixed solvents, which is a good
solvent of PVDC. GO showed unstable dispersion in the THF/
toluene mixed solvent, but the prepared AGO showed stable
dispersion for four weeks, suggesting homogeneous dispersion
in PVDC (Figure 2).

In the FT-IR spectra, the changes in chemical structures of
GO and AGO by alkylation were clearly confirmed (Figure 3). C-H
related peaks were observed at 2922,2848,1457,and 1357 cm?
in AGO spectra, indicating that the alkyl group of octylamine
was incorporated on the basal plane of GO. In addition, peaks
corresponding to the C-N stretching were observed at 1064 cm™
in AGO spectra.***? The typical broad 0-H peak of GO at 3670-
2960 cm™ was significantly reduced in the FT-IR spectra of AGO.
This change was caused by the alkylation reaction between the
octylamine and carboxyl group of GO and the reduction of GO
because of the reaction temperature.

To confirm the existence of the amine group on the surface of
AGO, the chemical composition ratios of GO and AGO were cal-
culated by XPS analysis (Table 2). AGO3, AGO25, and AGO45
contain 3.9, 3.7, and 3.7 at% nitrogen atoms, respectively, while
GO does not contain nitrogen. In addition, the oxygen atoms in
AGO were reduced by approximately 10 at% than in GO. The
reduced oxygen content of AGO and the introduction of ~3.9
at% nitrogen indicate the introduction of octylamine in AGO,

Polyvinylidene chloride ———p Oxygen molecule

s Alkylated graphene oxide ) Water molecule

Scheme 2. Gas diffusion path and adhesion and adsorption of water
molecule according to lateral size of AGO.
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which supplements the FT-IR results (Figure 3).

The contact angles were measured to confirm the changes in
hydrophobicity of AGO because of the octyl group on the sur-
face of AGO (Table 3). The contact angles for water droplets on
AGO3, AGO25, and AGO45 were increased from 46.1, 43.3, and
42.8°to 104.0, 110.2, and 107.8° respectively, compared with
those of GO3, GO25 and GO45, which indicate increased hydro-
phobicity of AGO. In addition, the contact angle of AGO is larger
than that of PVDC (72.6°), which means that the hydrophobicity
of AGO is higher than that of PVDC. Therefore, the well-dispersed
hydrophobic AGO in PVDC is expected to reduce the S of PVDC/
AGO composite films.

3.4. Gas barrier properties of PVDC/AGO composite coated
films

Table 4 shows the OTRs and WVTRs of PVDC/AGO composites
coated on PET substrates. The OTR of the PVDC/AGO composite
films decreased linearly from 7.5 x 10™ to 6.8 x 10 cm®*m?day™ as
the lateral size of AGO increased. This result showed the same
trend as the OTR of PVA/GO composite films, which clearly demon-
strates that the lateral size of GO affects the D of polymers. The
WVTR of the PVDC/AGO45 composite film was reduced from
1.4x10°t0 5.5 x 10" gm*day compared with that of the neat
PVDC film, confirming the effect of AGO hydrophobicity. How-
ever, the WVTR of PVDC/AGO3 and PVDC/AGO25 composite
films were 5.5 x 10" and 5.6 x 10" g m™? day”, respectively, which
are similar to that of the PVYDC/AGO45 composite film. This was
probably because water permeability is more dependent on solu-
bility S than diffusivity D. Unlike oxygen molecules, water mole-
cules absorbed in the polymer reduce barrier properties because
they increase the free volume of the polymer by swelling the
polymer. High solubility in water promotes the adhesion and
absorption of water molecules in the polymer. Therefore, regard-
less of the lateral size of AGO, similar WVTR values of the PVDC/
AGO composite films can be explained by the similar solubilities
of AGO3, AGO25, and AGO45 obtained through contact angles
(Scheme 2, Table 3).

4., Conclusions

To reduce the D of polymers, the gas diffusion path was extended
using large lateral size GO, and to reduce the S of polymers, the

Macromol. Res., 28(8), 709-713 (2020)



Macromolecular Research

hydrophobicity of GO was increased by alkylation. The contact
angles of the prepared AGO3, AGO25, and AGO45 were 104.0,
110.2, and 107.8°, respectively, which showed similar hydro-
phobicity. Furthermore, octylamine on the AGO surface was
identified by FT-IR and XPS analysis. The gas barrier properties
were evaluated by fabricating the PVA/GO and PVDC/AGO com-
posite films. As the lateral size of GO increased from ~3 pm to
~45 pm, the OTR of the PVA/GO composite films decreased
from 9.0 x 10?t0 5.0 x 102 cm*m™day™ and the OTR of the PVDC/
AGO composite films also decreased from 7.5 x 10™ to 68 x 10™ cm®
m*2day”, which was similar to the PVA/GO composite films. How-
ever, the WVTR of the PVDC/AGO composite films decreased as
compared with neat PVDC; however, it remained almost constant
at5.6 x 10" gm™?day™ regardless of the AGO lateral size. This is
because the oxygen permeability is more affected by D, whereas
water vapor permeability is more affected by S.
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