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Abstract—Poly(vinyl alcohol) (PVA)/linear low-density polyethylene (LLDPE) composite films were prepared using
PVAs of various molecular weights and degrees of hydrolysis. The crystallinity, water permeability, mechanical proper-
ties, and optical properties of the composite films were analyzed based on the absorption properties of the different
PVAs. The formation of the composite film became increasingly difficult with increase in the molecular weight and the
degree of hydrolysis of PVA, because the resulting crystallinity increased the intramolecular hydrogen bonding of the
hydroxyl groups on the main chains of PVA. The 4-98/LLDPE composite film absorbed water gradually and continu-
ously for a long time, and its water vapor absorption rate was similar to that of the 4-88/LLDPE film but lower than
that of the PVA 205/LLDPE film. The mechanical properties of the 4-98/LLDPE film were slightly better than those of
the 4-88/LLDPE film but inferior to those of the PVA 205/LLDPE film.
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INTRODUCTION

The industrial applications of composite materials have signifi-
cantly increased owing to their superior properties compared to
those of conventional isotropic materials. Composite materials exhibit
high strength weight and stiffness-weight ratios, corrosion resis-
tance and thermal stability, and are well suited for use in structures
in which the weight is a fundamental variable in the design process
[1]. Polymer composites are increasingly being utilized for auto-
motive, aerospace, energy, packaging, and flame-retardant applica-
tions [2].

Recently, studies for improving the water vapor permeability of
films have been carried out using composites of poly(vinyl alcohol)
(PVA), polyolefin, and other materials [2-6]. In these studies, some
compounded PVA and water-barrier materials [2,3], while others
used additives to create good dispersions in polyolefin matrices [4-6].

PVA is prepared by the hydrolysis of poly(vinyl acetate). PVA
becomes increasingly water-soluble and hydrophilic as the degree
of hydrolysis increases to 80-90%. This increases the biocompati-
bility and the non-toxicity, permitting the use of PVA in biode-
gradable polymers [5,7-10]. Therefore, PVA has been extensively
used as a controlled drug-release hydrogel, a membrane material for
chemical separations, and as a barrier membrane for food packag-
ing [11]. However, PVA film exhibits poor mechanical properties
and thermal stability [12], as well as limited processability, compat-
ibility, and degradability [13], restricting the use of the PVA film
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for heavy-duty applications. It is difficult to produce PVA films using
melting processes because the melting and the decomposition tem-
peratures of PVA are similar [14,15]. Therefore, the production of
PVA films is limited to wet-processing using water as a solvent,
which requires high energy consumption and dissolution time, and
additional drying processes [16]. To overcome the problems asso-
ciated with the processability and the physical properties of PVA, it
is frequently combined with polyolefin and additional fillers.

In this study, composite films of linear low-density polyethylene
(LLDPE) and PVAs with different molecular weights and degrees
of hydrolysis were prepared. The water vapor transmission rate, mor-
phology; and optical properties of the composite films were analyzed.

EXPERIMENTAL

1. Materials

LLDPE was obtained from Hanhwa Chemical Co. (3224 grade,
Melt Index value ASTM D1238 2.0 g/10 min). The PVA grades,
Mowiol” 4-88, 8-88, 18-88, 4-98, 10-98, 20-98 (Sigma-Aldrich) and
PVA 205 (Kuraray) were used to prepare the composite films with
LLDPE. The information characterizing the PVAs is shown in
Table 1. The molecular weight of PVA 205 was determined by gas
permeation chromatography (GPC) analysis. To facilitate the com-
pounding between PVA and LLDPE, zinc stearate (Sinwon Chemi-
cals) and PE wax (Korea Petrochemical) were employed.
2. Preparation of PVA/LLDPE Composite and Film

The PVA granules were pulverized using a ball mill and sieved
with a 74 mesh and used for further experiments. The PVA consti-
tuted 10% of the total composition in each LLDPE film. For each
composite film, 180 g of each PVA and 1,500 g of LLDPE were used.
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Table 1. The molecular weight, degree of hydrolysis and viscosity of PVAs

Grade Mw Hydrolysis Viscosity Polymerization Manufacturer
PVA205 41,526" 86.5-89.0 4.6-54 847" Kuraray
4-88 31,000 86.7-88.7 3.5-4.5 630
8-88 67,000 86.7-88.7 7.0-9.0 1,400
18-88 130,000 86.7-88.7 16.0-20.0 2,700 . 1®
Mowiol
4-98 27,000 98.0-98.8 4.0-5.0 600
10-98 61,000 98.0-98.8 9.0-11.0 1,400
20-98 125,000 98.0-98.8 18.5-21.5 2,800

“The molecular weight using GPC (Gel Permeation Chromatography)

"Basis on result through GPC, the degree of polymerization were calculated according to ratio vinyl acetate and vinyl alcohol

An activator of 70 g PE wax and a resin stabilizer of 20 g zinc stea-
rate were also added to the mixture.

First, each PVA was added to a Henschel mixer. The mixing
was continued until the internal temperature reached 80 °C, and
then extrusion was performed using a small twin screw extruder
(length/diameter=32: 1) with a screw diameter of 55 mm. For tem-
perature control, the chamber was set with eight heating zones of
different temperatures (150, 150, 150, 150, 155, 160, 170, and 170°C
at the hopper, the six heating chambers, and the die, respectively),
and the extrusion was at an average spin rate of 800 rpm. The ex-
truded materials were cooled to temperatures <40 °C using an air
fan. The obtained compound was sliced using a cutting machine
to samples of 3-4 mm length for pelletization.

The composite film was obtained using the film blowing machine
equipped with a 30 mm single screw extruder (length/diameter=
7:1). The temperature was controlled by setting four heating zones
at 200, 180, 180, and 150 °C. The thickness of the formed film was
15045 pm.

3. Degree of Water Absorption

The degree of water absorption of each PVA composite film
was measured after drying at 40 °C for 24 h in a vacuum oven. Sam-
ples weighing 5 g were subsequently placed in a chamber main-
tained at a constant temperature of 70 °C and a relative humidity
(RH) of 90% for 7h, and the change in the weight of the sample
was measured after each hour. The water absorption rate was cal-
culated by the following equation:

Water absorption rate (g/g)

_ weight of wet sample (g) — weight of dry sample (g)
weight of dry sampel (g)

1)

4. Field Emission-scanning Electron Microscopy

Each PVA-LLDPE composite film was immersed in liquid nitro-
gen and crushed before being coated with gold for the FE-SEM
measurements. The surface morphology and the tomography of
the samples were obtained by using a JEOL JSM-6701F field emis-
sion-scanning electron microscope (FE-SEM).
5. X-ray Diffraction

X-ray diffraction (XRD) measurements of the PVA-LLDPE films
before and after water absorption and drying involved using a D8
ADVANCE X-ray diffractometer (Bruker AXS GmbH, Germany).
The diffraction patterns were obtained at room temperature in the
range 5°<26<90° with a step size of 0.03".
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6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC, DSC Q20, TA Instru-
ment Inc.) analyses used 10-15 mg of the LLDPE film and the PVA-
LLDPE composite film. Each sample was heated from room tem-
perature to 100 °C (first heating) at 10 °C/min, held for 5 min at
100°C, and cooled to —40°C, before heating again to 200 °C at
10 °C/min while scanning (second heating). The thermal proper-
ties, such as the melting point (T,,) and the glass transition tem-
perature (T,), were determined from the second heating scan. The
relative percentage of the crystalline content (X) of each sample
was calculated according to the equation:

ﬁjf— %100 @)
AH;o
Here, AH; is the heat of fusion of the LLDPE or the composite,
AHJ? is the heat of fusion of 100% crystalline PE (AH,,,=290J/g)
[17,18], and @ is the mass fraction of the LLDPE in the composite.
7. Water Vapor Transmission Rate

The water vapor transmission rate (WVTR) of each sample (size -
5cm’) was measured by using a permeation test system (MOCON,
Permatran-W 3/61) at atmospheric pressure, 37.8 °C, and 100% RH.
8. Moisture Content

The moisture content of the PVA-LLDPE composite films was
determined with a moisture balance (MA 100H, Sartorius). Using
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Fig. 1. Water absorption rate of variably PVAs with times.
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Fig. 2. Cross-section SEM images of LLDPE and PVA/LLDPE composite films.
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approximately 1 g of the material initially, the weight loss was mon-
itored after heating at 105 °C, until a constant weight was achieved.
9. Haze and Total Luminous Transmittance

The haze and the total luminous transmittance of the PVA-
LLDPE composite films were measured by a haze meter (HM-150,
MURAKAMI). Our testing method followed the guidelines of
ASTM D1003 standards [19].
10. Tensile Strength and Elongation

The PVA-LLDPE composite film samples were analyzed accord-
ing to ASTM D882 to measure the tensile strength and the elonga-
tion. Each sample was submitted to the QM 100SE quality meas-
urement system (QMESYS Inc.) and tested using a cross-speed of
50 mm/min and a load cell of 200 N. The measurements of ten-
sile strength and elongation were repeated three times and the
average values are reported in the present study:

RESULTS AND DISCUSSION

Generally, the solubility of PVA in water depends on the degree
of polymerization and the degree of hydrolysis [20]. Fully hydro-
lyzed PVA is completely soluble only in boiling water. The partially
hydrolyzed grades of PVA are water soluble at room temperature,
although the grades with a degree of hydrolysis of 70-80% are sol-
uble in water only at temperatures of 10-40 °C. Above 40 °C, the
solution becomes cloudy at a temperature referred to as the cloud
point, before precipitating the PVA. The hydroxyl groups in PVA
contribute to strong intra- and inter-molecular hydrogen bond-
ing, which reduces the solubility of the compound in water. The
presence of residual acetate groups in partially hydrolyzed PVA
weakens these hydrogen bonds, permitting solubility at lower tem-
peratures. The degrees of water vapor absorption of the PVA pow-
ders with various molecular weights and degrees of hydrolysis are
shown in Fig. 1.

4-88 exhibited a degree of water vapor absorption of 0.653 after
1 h, and 0.911 after 7 h; this is the highest value of absorption among
the PVA powders. 8-88, 18-88, and PVA 205 showed degrees of
water vapor absorption of 0.474, 0.497, and 0.505, respectively, after
1 h, and 0.800, 0.775, and 0.724, respectively, after 7h. PVA 205
with a similar degree of hydrolysis to those of 8-88 and 18-88 ab-
sorbed lesser amount of water vapor. The molecular weight and
the T, of PVA 205 were found to be 41,526 Dalton and 179.8 °C,
respectively, using GPC and DSC analyzers. Also, the endother-
mic peak point (198.2 °C) of PVA 205 was higher than those of 4-
88, 8-88 and 18-88, and lower than those of 4-98, 10-98 and 20-
98. The increase in the amount of hy- drogen bonding resulted in
a lower degree of water vapor absorption of PVA 205 than those
of 4-88, 8-88 and 18-88. The degrees of water vapor absorption of
4-98, 10-98, and 20-98 were 0.370, 0.329, and 0.324, respectively,
after 1h and 0.550, 0.448, and 0.435, respectively, after 7 h. Com-
paring 4-88, 8-88, and 18-88, which exhibit similar degrees of hy-
drolysis and different molecular weights, 4-88 has the lowest molec-
ular weight and the highest water vapor absorption. Similarly, 4-98
exhibits the highest water vapor absorption when compared with
10-98 and 20-98. Comparison of the PVAs with similar molecular
weights and different degrees of hydrolysis (the pairs, 4-88 and 4-
98, 8-88 and 10-98, and 18-88 and 20-98), showed that the PVA
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with a lower degree of hydrolysis exhibits a higher level of absorbed
water vapor. This result is consistent with the trends in the quanti-
ties of the hydrogen bonds and the hydroxyl groups, similar to the
description [20] of the solubility of the PVAs.

The FE-SEM image of each PVA/LLDPE composite film is
shown in Fig. 2. In Fig. 2(b), PVA 205 particles of size smaller than
4 um are observed in the LLDPE matrix. The 4-88/LLDPE com-
posite film shows a similar dispersion with the presence of 4-88
particles smaller than 4 pm in the LLDPE matrix. The 8-88/LLDPE
and the 18-88 LLDPE composite films show particles of larger diam-
eter dispersed in the matrix due to the high molecular weight of the
PVA. The diameters of the dispersed particles in the 4-98/LLDPE,
10-98/LLDPE, and 20-98 LLDPE composite films show a similar
trend. Comparing the PVAs with different degrees of hydrolysis and
similar molecular weights, the particles of dispersed PVA are smaller
for lower degrees of hydrolysis. PVA melts at temperatures above the
melting point in the manufacturing process of the PVA/LLDPE
films, and the crystallinity changes according to the degree of hydro-
gen bonding, which in turn changes with the amount of hydroxyl
groups [15,21,22], in the cooling process as described by Mandelk-
ern et al. [21]. Hence, composite film formation from the highly
crystalline particles of the PVAs with large molecular weights was
difficult. In addition, the agglomerated particles affected the opti-
cal transmission and the water vapor permeability of the compos-
ite films.

Fig. 3 shows the optical transmission and the surface state of
each PVA/LLDPE composite film. For the films formed with PVA
205, 4-88, and 4-98, the letter behind the film is dlearly visible. How-
ever, regardless of the degree of hydrolysis, the optical transmis-
sion of the other PVA/LLDPE films decreases with increase in the
molecular weight. In the LLDPE composite films prepared with
18-88, 10-98, and 20-98, PVA particles are observed on the surfaces.

The XRD data were analyzed to determine the crystallinity of
the PVA/LLDPE composite films with different molecular weights
and degrees of hydrolysis. Fig. 4 shows the XRD scans of the PVA/
LLDPE composite films. The broadened background scattering ob-
served in the XRD data of LLDPE suggests an amorphous struc-
ture. The XRD pattern of LLDPE also shows typical peaks corre-
sponding to the (110) and (200) crystallographic planes of the
orthorhombic form of PE at 21.4° and 23.8°, respectively, superim-
posed on the amorphous halo [23]. Similar crystalline peaks were
reported by Rizzo et al. [24]. The presence of these characteristic
crystalline peaks of LLDPE in the composites clearly indicates that
the crystalline structure of LLDPE remains unchanged upon com-
pounding with different kinds of PVA. PVA exhibits reflections
corresponding to the (101), (101), and (200) crystalline planes at
19.4°, 20.1°, and 22.7°, respectively [25-27]. In the displayed XRD
patterns of each PVA/LLDPE composite film, the crystalline reflec-
tion peaks of PVA overlap with the planes of LLDPE. In addition,
the peak corresponding to the (101) crystalline plane seems to
sharpen as the molecular weight of PVA increases, because the crys-
tallinity increases with the amount of hydroxyl groups present in
the main chain of PVA.

The crystallinity of the composite film was found to change after
drying and exposure to water vapor for certain periods of time as
evident from the post-absorption XRD patterns shown in Fig. 5.
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(b) PVA 205/LLDPE

(c) 4-88/LLDPE

(e) 18-88/LLDPE

(g) 10-98/LLDPE
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Fig. 3. Photograph images of the PVA/LLDPE composite films on colorful text.
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Fig. 4. X-ray diffraction scans of PVA/LLDPE composite films and
the LLDPE film after their producing.

The crystalline planes of the LLDPE films are observed in the post-
absorption XRD data as well. However, the XRD data of PVA shows
additional sharp peaks at 6.6, 8.7, and 10.9°, and the peak corre-
sponding to the (101) plane at 19.5° increases in intensity after water
vapor absorption. New peaks corresponding to the (111), (111),
(210), and (210) planes appear at 39.9°, 40.6°, 41.7°, and 43.1°, respec-
tively, because the crystallinity of the PVAs changes with hydration
from the isotactic to the partial atactic and the syndiotactic forms
[28].

Intensity (a.u.)

0 20 40 60 ’ 80
Fig. 5. X-ray diffraction scans of PVA/LLDPE composite films and
the LLDPE film after drying and water vapor adsorption.

The degree of crystallinity, Cr, was determined from the integral
intensities of the amorphous and crystalline contributions, accord-
ing to the method of Hermans and Weidinger,

AET
©)

Crystallinity (Cr)= m

ALY:Atotal_ 2Aum/ 2 (4)
where, A, is the area of crystalline scattering and A, is the area of
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Table 2. The degree of crystallinity of PVA/LLDPE composite films before and after the drying and adsorption in water vapor using X-ray

diffraction method

Adsorption Area LLDPE PVA205 4-88 8-88 18-88 4-98 10-98 20-98
A 29301.5 21794.0 33626.5 327974 28490.1 354539 40478.5 42391.8

Before A 9815.9 7063.1 10392.8 9947.00 8754.2 11089.3 11722.0 12035.8
Cr 0.187 0.200 0.222 0.230 0.224 0.216 0.251 0.260
A 29344.6 30281.1 31994.9 39099.8 26795.5 35339.5 47016.3 40489.3

After A 9807.1 8411.9 8915.9 11673.4 8333.5 10236.3 13478.8 10226.4
Cr 0.186 0.269 0.268 0.237 0.219 0.251 0.255 0.311

amorphous scattering. The degree of crystallinity depends strongly
on the method of preparation and the technique used for the meas-
urement of the sample [23]. The parameters of the diffraction pat-
tern, ie., the number of diffraction peaks, their position (26) and
the width of the diffraction peak are affected upon irradiation of
the polymer by different ionizing radiations [29].

The degrees of crystallinity of the various PVA/LLDPE compos-
ite films are shown in Table 2. The degrees of crystallinity of the
LLDPE film before and after the drying and the adsorption of
water vapor are similar. The crystallinity of the PVA/LLDPE com-
posite films before drying and water vapor adsorption increased
with increase in the molecular weight and the degree of hydroly-
sis. The crystallinity of the PVA/LLDPE composite films after the
drying and the water vapor absorption was higher than that of the
as-prepared films.

The percentage of the crystalline content in the PVA/LLDPE
films was obtained from the DSC analysis shown in Fig. 6. The
values of the T,,, of the composite films were measured at four points
during the second heating scan, while those of T, were measured
during the first heating scan. The values of T,, and T, are shown in
Table 3. The results indicate that the T, and the percentage of crys-
tallinity of the PVA/LLDPE composite films increase with increase
in the molecular weight and the degree of hydrolysis of the PVA.
The increasing molecular weight and the degree of hydrolysis of
PVA in the LLDPE matrix increased because of the number of

Heat Flow [w/g]
Exo. up

50 100 150
Temeprature ['C]

Fig. 6. DSC 2" heating scans of PVA/LLDPE composite films and
the LLDPE film.
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hydroxyl groups in the main chain; the crystallinity was main-
tained through strong hydrogen bonding [30-33].

The PVA/LLDPE composite films without holes or agglomer-
ated PVA particles were obtained using PVA 205, 4-88 and 4-98.
The WVTRs of these PVA/LLDPE composite films are shown in
Fig. 7. The other composite films show the presence of holes and
agglomerated PVA particles. The WVTR of the LLDPE film was
~3.7 g/m’.day for the entire duration of the measurement. The
WVTR of the PVA 205/LLDPE composite film was maintained at
~2.5 g/m”-day up to 32 h, and then suddenly increased. In the case

Table 3. The crystallinity of PVA/LLDPE composite films through
DSC

2" Heating
g Tml TmZ Tm3 Tm4 AHm Xc

LLDPE 36.3 89.1 1039 1162 1219 689 238
PVA 205 38.7 88.6 1040 1175 1219 90.8 34.8

1" Heating

Sample

4-88 394 90.3 1040 1174 121.8 886 275
8-88 39.5 910 1040 1177 121.7 875 335
18-88 39.7 89.1 1039 117.3 1219 926 355
4-98 41.1 889 1039 1165 121.6 90.6 34.7
10-98 412 913 1044 1201 1225 90.7 348
20-98 4.1 89.6 1043 1193 1223 951 364
58
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Fig. 7. Water vapor transmission rate curves of PVA/LLDPE com-
posite films and LLDPE film.
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of the 4-88/LLDPE composite film, the WVTR was maintained at
~2.2 g/m*-day for 20 h and later increased. On the other hand, the
WVTR of the 4-98/LLDPE composite film was ~2.3 g/m”day
throughout the duration of the measurement. The PVA grades,
PVA 205 and 4-88, absorbed water vapor initially, and when the
equilibrium between the amount of water vapor absorbed and the
water vapor permeability was established, the WVTR increased.
The 4-98/LLDPE composite film has a molecular weight like that
of the 4-88/LLDPE composite film. Despite a higher degree of hy-
drolysis and a lower water vapor absorption rate, the 4-98/LLDPE
composite film absorbed water for a longer duration.

The plots of water content versus time are shown in Fig. 8. The
PVA 205/LLDPE composite film has a relatively higher value while
the 4-88 and 4-98/LLDPE composite films exhibit similar values.
Although the water vapor permeabilities of the 4-88/LLDPE and
the 4-98/LLDPE composite films were similar, it was confirmed
through Figs. 7 and 8 that the water vapor absorption rate of the
4-88/LLDPE composite film was higher due to the lower degree of
hydrolysis.

The results of the measurements of haze and total luminous
transmittance of the LLDPE composite films prepared with PVA
205, 4-88, and 4-98 are shown in Table 4. The value of haze was
obtained by using the following equation [34]:

T
T haee= (TDM) x100% )
Total

The PVA 205/LLDPE composite film shows a relatively high value

Table 4. The optical properties of well-made PVA/LLDPE compos-

ite films
. Test Total luminous
Sample Unit )
method transmittance
LLDPE film 26.9 90.0
PVA205/LLDPE film ASTM 734 89.9
4-88/LLDPE film ° DI003 182 90.7
4-98/LLDPE film 13.9 91.3

14 |

10 F

Tensile strength (N/mm?)

11

LLDPE PVA205 M 4-88 M 4-98
Composite films

Fig. 9. Tensile strength at break of PVA/LLDPE composite films and
LLDPE film.

of haze due to the scattering and diffusion of light by the PVA 205
in the LLDPE matrix. However, the 4-88/LLDPE and the 4-98/
LLDPE composite film exhibit relatively lower values of haze, be-
cause the dispersed PVA particles were smaller, permitting greater
transmission of parallel light. Although the 4-98/LLDPE compos-
ite has higher degree of hydrolysis and similar molecular weight
compared to those of the 4-88/LLDPE composite film, the higher
crystallinity of the films facilitates greater transmission of parallel
light. The total luminous transmittance rates of all the PVA/LLDPE
composite films were ~90%, similar to that of the LLDPE film.
Figs. 9 and 10 show the mechanical properties (tensile strength
and elongation) of the LLDPE and the PVA/LLDPE composite
films prepared using PVA 205, 4-88, and 4-98. The tensile strength
of LLDPE was 12.94+1.27 N/mm’ with 700+62% elongation. In
contrast, the tensile strengths of the composite films with PVA 205,
4-88, and 4-98 were obtained as 11.66+0.39, 9.60+0.69, and 9.90+
0.50 N/mm’, respectively, and the percentage elongations of these
samples were 670+33, 428+32, and 450+62%, respectively. There-

i

LLDPE PVA205 M 4-88 M 4-98
Composite films

Fig. 10. Elongation at break of PVA/LLDPE composite films and
LLDPE film.
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fore, it can be reasoned that the values of the tensile strength and
the percentage elongation were decreased by the addition of PVA
to the LLDPE films. This results from the poor interfacial adhe-
sion between the two polymers of different polarities, causing poor
stress-transfer between the matrix and the dispersed phase [6,14,
35]. As indicated by the FE-SEM images in Fig. 2, the PVA formed
agglomerates due to the strong intra-molecular hydrogen bonds
between the hydroxyl groups, which resulted in poor dispersion
between the PVA and the LLDPE [14].

CONCLUSIONS

LLDPE composite films were prepared with PVAs of different
molecular weights and degrees of hydrolysis to determine the fea-
sibility of preparing an optically transparent functional film that
can act as a water vapor barrier for short durations of ~2 days.
Depending on the molecular weight of the PVA, the crystallinity
and the polymer interaction were increased by increasing the num-
ber of hydroxyl groups in the main chain of the PVA. Increasing
the degrees of hydrolysis of the PVAs of similar molecular weights
showed the same phenomenon. The formation of the composite
film with LLDPE and PVAs of high molecular weights and degrees
of hydrolysis was difficult due to the appearance of holes and PVA
agglomerates on the surfaces of the films. The PVA/LLDPE com-
posite films were largely amorphous before absorbing water vapor,
but the crystallinity increased after drying and absorption of water
vapor. The structure of the PVA changed from isotactic to atactic
and syndiotactic through the formation of free hydroxyl groups by
the absorption of water vapor. The 4-98/LLDPE composite exhib-
ited the best properties in terms of the water vapor transmittance
rate, the haze, and the total luminous transmittance rate. In partic-
ular, the WVTR of the 4-98/LLDPE composite film was the low-
est for the longest period. Hence, these PVA/LLDPE composite
films can be used for the packaging of electronic items, powder
materials, and food.
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Table S1. Thermal properties of PVA polymers

Sample  Analysis condition T, (°C) Endothermic peak (°C)

PVA205 2" Heating 149.8 1982
M 4-88 2™ Heating 138.0 192.3
M 8-88 2" Heating 136.4 188.1
M 18-88 2™ Heating 134.6 188.0
M 4-98 2" Heating 145.2 2173
M 1098 2" Heating 142.0 221.0
M20-98 2" Heating 151.5 220.7

50 100 150 200 250 300
Temperature [°C)

Fig. S1. DSC curves of various PVA polymers.
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