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Abstract

We prepared ethylene vinyl alcohol (EVOH)/graphene oxide (GO) membranes by solution
casting method. X-ray diffraction analysis showed that GOs were fully exfoliated in the
EVOH/GO membrane. The glass transition temperatures of EVOH were increased by add-
ing GOs into EVOH. The melting temperatures of EVOH/GO composites were decreased by
adding GOs into EVOH, indicating that GOs may inhibit the crystallization of EVOH during
non-isothermal crystallization. However, the equilibrium melting temperatures of EVOH
were not changed by adding GOs into EVOH. The oxygen permeability of the EVOH/GO
(0.3 wt%) film was reduced to 63% of that of pure EVOH film, with 84% light transmittance
at 550 nm. The EVOH/GO membranes exhibited 100 times better (water vapor)/(oxygen)
selectivity performance than pure EVOH membrane.
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1. Introduction

Ethylene vinyl alcohol (EVOH) is one of the best known oxygen barrier materials in use
today, with excellent gas barrier properties, processability, and sensitivity to moisture [1-3].
The permeation of oxygen and water vapor can lead to damage in electronic devices and the
decomposition of foods. Barrier films can enhance the lifetime of electronic devices, and are
required for food packaging or volatile solvents packaging and moisture sensitive products.

Graphene has been known to serve as an atomic impermeable membrane [4-7]. Graphene
oxide (GO) is the intermediate for graphene, and can be obtained by chemical oxidation
of natural graphite [8-10]. Kim and coworkers [10] were the first to demonstrate that the
oxidative form of graphene (GO) is itself an excellent gas barrier to oxygen. Subsequently,
Nair and coworkers [4] have reported that helium permeation is inhibited by GO but water
permeation is not impeded by GO.

Yang and coworkers [11] have shown that a polyethyleneimine (PEI)/GO multilayer
membrane exhibits good oxygen/hydrogen selectivity. For a transparent oxygen barrier,
poly(vinyl alcohol) (PVA)/GO membranes are the best among the reported membranes con-
sisting of GO and polymers [10]. The oxygen transmittance rate (OTR) in PVA/GO (0.3
wt%) composite coated film has been reported to be 86 times lower than that of pure polyeth-
ylene terephthalate (PET) film, at 60% relative humidity (RH), with 73% light transmittance
[10]. Thirty layered PEI/GO membrane has been reported to have 18 and 45 times lower
OTR than pure PET film at 100% RH and 0% RH, respectively [11]. Gas barrier properties
of various polymer/GO membranes have also been reported for polymers such as PVA [10],
polyurethane [12], polycarbonate [13], and poly(ethylene terephthalate) [14].

Gas permeability (P) is the product of diffusivity (D) and solubility (S) which can be ob-
tained from the solution of Fick’s second law of diffusion as described elsewhere [10,15,16].
In our previous work, we showed that both the D and S of oxygen are decreased by dispers-

50



Water and oxygen permeation through graphene oxide membranes

ing GOs into PVA [10]. The decrease of D is mainly due to the
increase of effective diffusion path; tortuous paths are formed
by the dispersed GO plates [10,16]. We can expect that the D
of water vapor may be decreased by the dispersion of GOs into
a polymer, but the S of water vapor may be increased due to
the hydrophilic nature of GO. Therefore, composites of polymer
and GO could be a potential material for a water/gas selective
membrane. Selectively permeable membranes for gas/water va-
por are known to be used in various applications such as the
drying of compressed air [17], drying of natural gas [18,19],
breathable apparel [20], packaging materials [21], and humidity
control in a closed space [22,23].

In this work, we prepared transparent and flexible EVOH and
GO membranes by solution casting method in order to check
their barrier properties to oxygen and water. We demonstrated
that the oxygen permeation of EVOH is reduced remarkably by
adding GOs into EVOH, while water permeation of EVOH is
increased by the addition of GOs into EVOH. EVOH/GO mem-
branes exhibited 100 times improved (water vapor)/(oxygen)
selectivity compared to pure EVOH membrane. These results
point to new possible applications of EVOH/GO films as an
oxygen/water selective membrane.

2, Experimental
2.1. Preparation of GO

Flake graphite powder (19 wum nominal particle size) was sup-
plied from Asbury Carbon. GO was synthesized from purified
conventional flake graphite by modified Hummers method [8,9]
as reported in our earlier work [10].

2.2, Preparation of EVOH/GO film

EVOH (32 mol % ethylene) was supplied from Kuraray.
EVOH/GO nanocomposites were prepared by solution mixing
method, of EVOH in a colloidal solution of GO. EVOH (3 g)
was dissolved in distilled water and isopropyl alcohol (IPA)
(water/IPA weight ratio = 1) at 353.15 K and the solution cooled
to 313.15 K. A colloidal solution of GO was added to the EVOH
solution and mixed for 24 h at 313.15 K. EVOH/GO hybrid so-
lution was cast onto PET film at 363.15 K and then dried for
1 h. The films were dried again in a vacuum oven at 373.15 K
for 4 h. A series of EVOH/GO nanocomposite films with differ-
ent GO loadings were similarly prepared. EVOH/reduced GO
(RGO) solutions were synthesized by chemical reduction using
hydrazine monohydrate. Hydrazine solution was added to the
EVOH/GO solution and mixed for 24 h.

2.3. Characterization methods

The interlayer spacing of graphite and GO and the disper-
sion of GO in EVOH composite were characterized with X-ray
diffraction (XRD). XRD was conducted with a Rigaku (Japan)-
Ultima IV (40 kV, 40 mA) and Cu irradiation at the scanning rate
0f 0.02 /s in the 20 range of 5-70. The light transmittance of the
nanocomposite films was measured with UV-vis at 550 nm. The
morphologies of the nanocomposites were characterized with
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Fig. 1. Morphology of graphite, graphene oxide (GO) and reduced GO.
(a) Scanning electron microscope (SEM) image of graphite. (b) SEM im-
age of edge of dried GO. (c) Transmission electron microscope image of
reduced GO (RGO). (d) The X-ray diffraction patterns of graphite, GO, and
ethylene vinyl alcohol (EVOH)/GO composite.

field-emission scanning electron microscopy (FE-SEM, JEOL
JSM-6700F) and high-resolution transmission electron micros-
copy (HRTEM, JEOL JEM-2010). For preparation of TEM
samples, RGO solution was dropped onto a 400-mesh Cu grid
covered with lacey carbon film and dried at room temperature.
Nominal melting temperatures of the samples were measured by
differential scanning calorimeter (DSC-Q10) with a heating rate
of 20 K/min. In order to measure the melting temperatures of
isothermally crystallized samples, the samples were heated up
to 483 K and held there for 5 min, and then cooled quickly (-80
K/min) to the designated crystallization temperature. When the
isothermal crystallization procedure was finished, the samples
were heated again with a heating rate of 20 K/min. The OTR of
films (dimension 10 x 10 cm) was measured with Illinois Instru-
ment Model 8001. The water vapor transmission rate of films
(dimension 10 x 10 cm) was measured with Permatran-W 3/33
MA (US, Mocon) according to the standard test method ASTM
F 1249.

3. Results and Discussion
3.1. Morphological characterization

Fig. 1a shows the morphology of graphite, with a nominal
particle size of 19 um. We prepared the GOs from graphite by
the modified Hummers method [8-10]. The FE-SEM image of
the edge of dried GOs is shown in Fig. 1b. The layered structure
of the dried GOs can be seen. We prepared a RGO solution by
using hydrazine monohydrate for the chemical reduction. Fig.
1c shows the electron transparency of RGO sheets on lacey car-
bon grid, showing the typical image of graphene. Fig. 1d shows
the XRD patterns of graphite, dried GO, EVOH and EVOH/GO
composite (GO 0.3 wt%). A sharp reflection is seen at 20 =26.4°
for graphite powder, which corresponds to the interlayer spacing
(d) of 0.34 nm. The broad peak of dried GO particle is present
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Table 1. Thermal properties of EVOH/GO and EVOH/RGO com-
posites

GO/RGO (Wt%)  Te(K)* T. (K)* T (K)* T’ (K)°
0 334.6 4323 456.8 459.4
GO 0.01 336.5 429.4 4574 -
GO 0.3 336.2 4235 448.4 456.9
RGO 0.01 333.0 4324 455.6 -
RGO 0.3 336.2 4312 456.8 456.9

EVOH: ethylene vinyl alcohol, GO: graphene oxide, RGO: reduced GO.
“Non-isothermal glass transition temperatures (T,) and melting
temperatures (T») were measured during second heating. Non-
isothermal crystallization temperatures (T.) were measured during
cooling at a rate of 20 K/min.

°Equilibrium melting temperatures.

at 20 = 9.5°. The interlayer spacing of GO is 0.93 nm, indicating
the intercalation by oxygen groups and moisture in GO sheets.
The characteristic GO peak at 9.5° is absent for the EVOH/GO
composite, but characteristic peaks of only EVOH in Fig. 1d
indicate the exfoliation of GO in EVOH [10,24]. There is a sharp
peak at 20.1° and broad peaks at 11.1°, 22.2°, and 35-45°, indi-
cating the crystallization of EVOH. The XRD pattern of EVOH
has a definite shoulder peak at 22.2°, which is the characteristic
of atactic EVOH [10,25].

3.2. Thermal properties of EVOH/GO and
EVOH/RGO composites

We investigated the thermal properties of EVOH/GO and
RGO composites by differential scanning calorimeter. The glass
transition temperature of pure EVOH is about 334.6 K, as shown
in Table 1. The glass transition temperature of EVOH/GO and
RGO composites was increased about 1.6 K by adding GO or
RGO 0.3 wt% into EVOH. The increase of glass transition tem-
perature may be due to the hydrogen bonding interaction be-
tween GO or RGO and EVOH [10].

The nominal melting temperature of EVOH/GO composites
was decreased by adding GOs into EVOH, as shown in Fig. 2a.
These results are in contrast to the results of PVA/GO [10]. The
decrease of melting temperature of EVOH/GO composites may
indicate that GO inhibits the crystallization of EVOH. However,
the nominal melting temperature of EVOH/RGO is almost con-
stant over the composition range from zero to 0.3 wt%. This
result may be due to the reduced hydrogen bonding interaction
between the EVOH and RGO compared to those in EVOH/GO
composites. X-ray photoelectron spectroscopy analysis showed
that the carbon to oxygen ratio of GO and RGO is 1.81 and 6.39,
respectively. So, we can surmise that the hydrogen bonding in-
teraction in EVOH/RGO composite is weaker than that in the
EVOH/GO composite, which results in the different melting
behavior in Fig. 2a.

In order to obtain the equilibrium melting temperatures of
EVOH/GO and EVOH/RGO composites, we performed Hoff-
man-Weeks plots [26] as seen in Fig. 2b. The equilibrium melt-
ing temperatures of EVOH were not changed by the addition of
GOs or RGOs. These results are consistent with those of PVA/
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Fig. 2. Melting temperatures of ethylene vinyl alcohol (EVOH)/gra-
phene oxide (GO) and reduced GO (RGO) composites. (a) Nominal melt-
ing temperatures of EVOH/GO or EVOH/RGO composites. (b) Equilibrium
melting temperatures of EVOH/GO and EVOH/RGO composites.

GO composites. However, the slopes in the Hoffman-Weeks
plots are increased by the addition of GO and RGO into EVOH,
as seen in Fig. 2b. The increase of slopes may be due to the fact
that the surface energy of crystalline EVOH may be decreased
by the hydrogen bonding interaction between the crystal surface
and GO [27]. Another possible reason for the increase of slopes
is that the critical nucleus size of EVOH may be increased by
the GO or RGO [27].

3.3. Permeation of oxygen and water vapor

To study the oxygen and water vapor barrier properties, 12
um EVOH/GO and EVOH/RGO composite films were coated
on a 23 um PET substrate using the bar-coating method. As can
be seen from an optical picture in Fig. 3a, the film (GO 0.15
wt%) is very transparent. The light transmittance of the film was
measured by UV-vis at 550 nm. In Fig. 3b, light transmittance
is 95.8% for the EVOH/GO composite film containing 0.1 wt%
GO and 84.8% for the film containing 0.3 wt%. With increasing
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Fig. 3. Transparent ethylene vinyl alcohol (EVOH)/graphene oxide (GO)
coated on polyethylene terephthalate (PET) film. (a) Picture of EVOH/GO
coated PET film. (b) Light transmittance of EVOH/GO and EVOH/reduced
GO (RGO) coated PET film at 550 nm.

GO and RGO contents, the light transmittance gets lower. After
chemical reduction, the color of the film is changed from bright
brown to dark brown. The oxygen permeability of the film was
measured at 298 K and 60% RH. The oxygen permeability can
be analyzed using Fick’s second law of diffusion [10,15]:

_Oc
ot
where c is the oxygen concentration in the film. When the c is

close to zero at the bottom surface, the solution of Eq. (1) can be
expressed as follows [10,28,29].

48" 2 & )
I=] - 2n+1
(3] ol -agzton

where J and J; are the oxygen molar flux at time t and at steady
state, and d is the sample thickness. The solubility (S) is defined
as the ratio of saturated oxygen concentration to the partial
pressure (P) on the upper side of film [10].
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Fig. 4. Oxygen molar flux with respect to time of polyethylene tere-
phthalate (PET), poly(vinyl alcohol) (PVA)/graphene oxide (GO) coated
and ethylene vinyl alcohol (EVOH)/GO coated PET film.

where c* is the saturated oxygen concentration in the film, D is
the oxygen diffusivity in the film, S is the oxygen solubility in
the film, and P is the oxygen permeability [10].

The oxygen flux through the films is plotted with
respect to time in Fig. 4. Model calculations by Eq. (1) fit
the experimental data well. The oxygen diffusivity can be
calculated from the slope of the straight line by Eq. (1). The
oxygen solubility also can be calculated by Eq. (4). The
oxygen molar flux of EVOH/GO (0.3 wt%) coated film is
compared to the previous results for the PET and PVA/GO
0.3 wt% coated film by Kim et al. [10]. The oxygen molar
flux of EVOH/GO (0.3 wt%) coated film is 123 times and 2
times lower than that of PET and PVA/GO (0.3 wt%) coated
film [10]. We calculated the oxygen permeability of EVOH/
GO and EVOH/RGO film without PET film by Eq. (5).

I xg
P PG()
where x, is the ratio of the thickness of EVOH/GO to EVOH/
GO/PET film. The oxygen permeability of EVOH/GO (0.3 wt%)
film is 3.63 x 10" mol s! m™! Pa’!, which is 63% of that of the
pure EVOH film. The oxygen permeability of EVOH/RGO (0.3
wt%) film is 4.48 x 105 mol s m™ Pa’!, which is 78% of that of
the pure EVOH film. The oxygen diffusivity of EVOH/GO (0.3
wt%) film is 1.4 times lower than that of the pure EVOH film.

The Nielsen approximation describes the increase in the tor-
tuosity of the gas diffusion path by relating it to the volume frac-
tion and aspect ratio of the crystal, as in the following equation

[10,16]:

1-x,,
P

PET

®)

=D, 1P (©6)

o
1+—
5
where D, is the diffusivity of polymer, ¢, is the volume fraction

of graphene, and a is the aspect ratio of graphene [10]. The as-
pect ratio is a function of the smallest dimension of the graphene
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Fig. 5. Characteristics of oxygen permeation through ethylene vinyl
alcohol/graphene oxide (GO) film. (a) Oxygen diffusivity. (b) Oxygen solu-
bility.

(o) and the intermediate dimension of the graphene (2R) [30].
The aspect ratio is defined as R/a [30]. The solid line in Fig. 5a
shows that Eq. (6) describes the effect of impermeable crystal
contents on the diffusivity with the aspect ratio of 350 for GO.
The aspect ratio of GO can also be estimated from gas perme-
ability of film. Lape and co-worker’s model for membranes dis-
persed with impermeable anisotropic flakes in a random array
gives [13,30]:

P__1-¢

]
3

where P is the oxygen permeability of filled polymer, P, is the
oxygen permeability of unfilled polymer, ¢ is the volume frac-
tion of graphene, and o is the aspect ratio of graphene [13,30].
Model calculations fit the experimental data with the aspect ratio
of 350 for GO, which is consistent to that obtained from oxy-
gen diffusivity. In Fig. 5b, the oxygen solubility is initially de-

(M

DOI: http://dx.doi.org/10.5714/CL.2014.15.1.050

54

40
. (a) o GO
_ ¢ RGO
5 30|
-
T}
>
2 20
o
\-
; o
o> 10 \O
'\o———’—’_"’_’_‘_'o
hal T .
0 , : .
0.0 0.1 02 03 04
GO or RGO wt.%
140
(b) o GO
4—| 120 ¢ RGO
o o
= 100 {
5 30
g I
5 s}
b
(o]
o o0 \o
T340 °
2 Y o—"
o oo AECRN
. ................
R
00 01 02 03 04

GO or RGO wt.%

Fig. 6. Characteristics of water vapor permeation through ethylene vi-
nyl alcohol (EVOH)/graphene oxide (GO) or EVOH/reduced GO (RGO) film.
(a) Water vapor permeability of EVOH/GO or EVOH/RGO film normalized
by permeability of EVOH film. (b) Ratio of water vapor permeability to
oxygen permeability of EVOH/GO or EVOH/RGO film.

creased by adding a very small amount of GO into EVOH. This
may be due to the modification of the structure of PVA crystal-
line by the addition of GO. The oxygen solubility is decreased
by the further addition of GO into EVOH as seen in Fig. 5b.

In Fig. 6a, we plotted the relative value of water vapor perme-
ability to EVOH. The water vapor permeability of RGO is lower
than that of the GO. This may be due to the decrease of the inter-
layer spacing after reduction. Water molecules diffuse through
the interlayer spacing [4], so the decrease of interlayer spacing
may result in the reduced water vapor diffusivity. The decrease
of water vapor permeability in the RGO/EVOH film compared
to that of the GO/EVOH film may also be due to the decrease of
oxygen to carbon ratio by the reduction. In Fig. 6b, EVOH/GO
membranes exhibited 100 times improved (water vapor)/(oxy-
gen) selectivity compared to EVOH pure membrane. These re-
sults point to the new possible applications of EVOH/GO films
as an oxygen/water selective membrane.
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4. Conclusions

We prepared EVOH/GO membranes by solution casting
method. XRD analysis showed GOs were fully exfoliated in the
EVOH/GO membrane. The thermal properties of EVOH were
modified by the hydrogen boding interaction between EVOH
and GOs. The glass transition temperatures of EVOH/GO com-
posites were increased by adding GOs into EVOH. Nominal
melting temperatures of EVOH/GO composites were decreased
by adding GOs into EVOH, indicating that GOs inhibit the
crystallization of EVOH during non-isothermal crystallization.
However, the equilibrium melting temperatures of EVOH were
not changed by adding GOs into EVOH. The oxygen perme-
ability of the EVOH/GO (0.3 wt%) film was reduced to 63%
of that of pure EVOH film, with 84% light transmittance at 550
nm. The EVOH/GO membranes exhibited 100 times better (wa-
ter vapor)/(oxygen) selectivity performance than pure EVOH
membrane.

These results point to the new possible applications of EVOH/
GO films as an oxygen/water selective membrane.
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