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ABSTRACT: The oxygen-barrier properties of poly(lactic
acid) (PLA)/poly(vinyl acetate-co-vinyl alcohol) [P(VAc-co-
VA)] were investigated. P(VAc-co-VA)s with vinyl alcohol
(VA) contents of 5, 10, and 15 mol % were prepared with
the acid-catalyzed hydrolysis of poly(vinyl acetate). The
obtained copolymers with various contents of VA were
blended with PLA at 5/95, 10/90, and 15/85 compositions.
Films of the blends were prepared by a solution-casting
method with chloroform as the cosolvent. Although the
blend with 5% VA in the copolymer appeared to be misci-
ble, the blends with 10 and 15% VA content in the copoly-

mer were immiscible, as verified by dynamic mechanical
analysis. The oxygen-barrier properties of the PLA films
were enhanced when they were blended with P(VAc-co-
VA). There was a reduction of about 40% in permeability
with the addition of only 5% P(VAc-co-VA). The reduction
in the permeability was more noticeable at higher VA con-
tents. Also, the incorporation of P(VAc-co-VA) into PLA
improved the elongation at break of the films significantly.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

As a packaging material, thermoplastic polymers
have many advantages, including light weight,
lower process temperatures than metal and glass,
appropriate printability, and variable barrier proper-
ties for diverse uses. Currently, most polymeric
materials are based on nonrenewable fossil resour-
ces. Approximately 140 million tons per year of
petroleum-based synthetic polymers are produced in
the world, and a significant amount of these poly-
mers is disposed of in the natural environment.
Because petroleum-based plastics cannot be
degraded over a short time in nature, the develop-
ment of biodegradable polymers is vital.1,2

Poly(lactic acid) (PLA) is a biodegradable, renew-
ably derived thermoplastic polyester and is pro-
duced either by the polycondensation of lactic acid
or by the ring-opening polymerization of lactide.3,4

As a packaging material, this aliphatic polyester has
many advantages, including biodegradability, good
processibility, and clarity. However, it also has
drawbacks, including low ductility (<10% elonga-
tion) and low gas-barrier properties, which limit its
use in certain applications.5 Plasticizers are widely
used to improve the flexibility and ductility of PLA.

Lactide monomer, dibutyl sebacate, tributyl citrate,
and poly(ethylene glycol) are efficient plasticizers for
PLA.6–8 Also, for some other applications, the tensile
strength and elastic modulus of PLA can be
improved by the addition of organic or inorganic
fillers, such as microclays and nanoclays, metallic
oxides, carbon fibers, and natural fibers, to the PLA
matrix.9–15

Many studies have been done to overcome low
barrier properties of PLA and, thereby, expand the
potential applications of this polymer in packaging
applications. The focus of these studies has mainly
been on development of nanocomposites based on
PLA and on the use of this polymer as part of a
multilayer structure.16

Another way to improve the barrier and mechani-
cal properties of PLA is through its blending with
other polymers. PLA can be blended with other
polymers obtained from renewable resources, such
as chitosan, starch, and PHB, or with petroleum-
based polymers, such as poly(vinyl acetate) (PVAc),
polycaprolactone (PCL), and poly(ethylene glycol) to
improve its properties.17

PVAc and poly(vinyl alcohol) (PVA) are two poly-
mers that have been studied in blends with PLA.
PVAc is miscible with PLA in all compositions. The
addition of a small amount of PVAc (5 wt %)
increased the tensile strength at yield and the elon-
gation at break of extruded blend films compared to
a neat PLA film. However, the addition of PVAc to
PLA led to a dramatic decrease in the degradation
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rate for enzymatic degradation.18,19 On the contrary,
PLA/PVA blends have been reported in which the
nonenzymatic and enzymatic hydrolysis of PLA was
accelerated by the presence of the hydrophilic PVA,
but these blends were immiscible in inducing a
phase-separated system.20

To overcome the drawbacks of PLA/PVA blends
(a phase-separated system) and PLA/PVAc blends (a
decreased enzymatic degradation of PLA), blends
of PLA and poly(vinyl acetate-co-vinyl alcohol)
[P(VAc-co-VA)] were examined. It was demonstrated
that only the blend composed of 10 wt % P(VAc-
co-VA) containing 10 mol % vinyl alcohol (VA) were
miscible and blends containing more copolymer or
more VA were immiscible.18 To the best of our
knowledge, there has been no effort made to examine
the barrier and mechanical properties of the men-
tioned blend.

This study was undertaken to determine the effect
of the addition of P(VAc-co-VA) on the mechanical
and barrier properties of PLA. Our aim was to make
a blend that could produce a barrier film appropri-
ate for use as a packaging layer. Moreover, we
examined the miscibility range of the two polymers
and the effects of the miscibility on the properties of
the blends.

EXPERIMENTAL

Materials

Film-grade PLA was supplied by a Chinese com-
pany with a weight-average molecular weight of
238,000 g/mol and a number-average molecular
weight of 100,000 g/mol. PVAc was obtained from
Sigma-Aldrich with a weight-average molecular
weight of 140,000 g/mol. Chloroform, methanol, and
hydrochloric acid were from Merck Co.

Sample preparation

P(VAc-co-VA) was synthesized by the hydrolysis of
PVAc. First, 50 g/L PVAc was dissolved in a 9/1
(v/v) solution of methanol–water, and then, hydro-
chloric acid was added to an approximate concentra-
tion of 0.2M in the solution. The hydrolysis reaction
took place at 50�C, and the degree of hydrolysis was
controlled by reaction times of 70, 140, and 210 min
to obtain 5, 10, and 15 mol % hydrolyzed products,
respectively. The products were precipitated in
water, followed by dissolution in methanol, and rep-
recipitation in water. The precipitates were dried
in vacuo at 45�C for 48 h.

The blends of PLA and P(VAc-co-VA) containing
5, 10, and 15 wt % copolymers were prepared by
dissolution in chloroform. The blend films were cast
from a 4 wt % solution onto a glass plate and dried

subsequently at room temperature for 1 day and
then in a vacuum oven at 40�C for 2 days. The films
were about 100 lm thick. The notation shown for
the blend [e.g., PLA/P(VAc-co-VA)10 85/15] indi-
cates that the blend composition was 85% PLA and
15% P(VAc-co-VA) and the copolymer P(VAc-co-VA)
contained 10% VA.

Methods

NMR spectroscopy

To determine the degree of hydrolysis, 1H-NMR
measurements were carried out. Spectra were
obtained with a Bruker (Switzerland) DRX-Avance
spectrometer at 500 MHz. As the solvent and inter-
nal standard reagent, CDCl3 was used.

Dynamic mechanical thermal analysis (DMTA)

DMTA was performed on a TRITEC-2000-DMA ana-
lyzer (DMTA-Triton, England) operated in the ten-
sion mode at a constant frequency of 1 Hz. The
experiments were carried out in a temperature range
from �60 to 140�C at a heating rate of 3�C/min, and
tan d was recorded as a function of the temperature.

Tensile testing

The elastic modulus, tensile strength, and elongation
at break of each film were determined with a HIWA
(Tehran) 212S testing machine. Specimens were rec-
tangular and 4.1 � 60 mm2. The initial grip separa-
tion was set at 35 mm, and the crosshead speed was
set at 10 mm/min. For each film sample, measurements
were made on five specimens taken from the same
film, and the average of their results was reported.

Permeability

The apparatus used for oxygen permeability meas-
urements was GPD-C (Brugger, Müchen, Germany).
The sample was put between the top and bottom
parts of the permeation cell. Before each test, the
bottom part of the permeation cell was evacuated.
During testing, the top part was filled with the test
gas. The gas permeating the material caused a pres-
sure increase at the bottom part of the permeation
cell. Gas permeability was detected by an evaluation
of this increase in pressure in relation to time and
the device-specific volume. The increase in pressure
during the test period was evaluated and displayed
by an external computer.

Polarized optical microscopy

The blends morphology was observed with an
Olympus (Japan) BX51 polarized light microscope.
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RESULTS AND DISCUSSION

Degree of hydrolysis determination

The 1H-NMR spectra of PVAc and partially hydro-
lyzed PVAc after 200 min of the hydrolysis reaction
are compared in Figure 1. On the spectrum of PVAc,
the methylene (CH2) peak (1.1–1.9 ppm), the methyl
(CH3) peak (1.9–2.4 ppm), and the CH group of
vinyl acetate (VAc) (4.7–5.2 ppm) could be seen. In

addition to those peaks, new peaks representing the
hydroxyl (OH) peak (4.2–4.7 ppm) and the CH
group of VA (3.4–3.9 ppm) appeared after the hy-
drolysis. However, the peak areas of the hydroxyl
peaks at the high VAc molar fractions used in this
study were too small to be detected.
The molar fraction of VAc during the hydrolysis

reaction (XVAc) was obtained from the following
equations:

Figure 1 1H-NMR spectra of (a) PVAc and (b) partially hydrolyzed PVAc after the hydrolysis reaction for 200 min.
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XVAc ¼ 2ICH3

2ICH2
(1)

XVAc ¼ 2ICH;VAc

2ICH2
(2)

where ICH3, ICH2, and ICH,VAc represent the peak
areas of methyl, methylene, and methin groups of
VAc, respectively.21 The molar fractions of VAc after
different hydrolysis reaction times, which were cal-
culated from eqs. (1) and (2), are collected in Table I.
The VAc molar fractions calculated from the two
equations were not equal. We suspected that this
was because the methyl and methylene peaks were
not completely resolved in the NMR spectra of
P(VAc-co-VA). There was also a possibility of over-
lap between the methin and hydroxyl peaks. So we
took the average of the two values obtained via eqs.
(1) and (2), instead of using the values obtained
from one of them exclusively.

From the data in Table I, the change of the VAc
molar fraction with respect to the reaction time can
be approximately shown by eq. (3):

XVAc ¼ �7� 10�4tþ 0:9998 (3)

where t is the reaction time (min). Also, XVAc þ XVA

¼ 1, so changes in VA mole fraction (XVA) by time
could be shown by eq. (4):

XVA ¼ 7� 10�4t (4)

Because our aim was to prepare P(VAc-co-VA)
copolymers with 5, 10, and 15% VA, reaction times
of 70, 140, and 210 min were needed, respectively.

DMTA

Blends of PLA and P(VAc-co-VA) are miscible at
low copolymer contents. DMTA was used to exam-
ine the miscibility of the blends that we prepared.
The glass-transition temperatures were determined
from the maxima of the tan d peaks. DMTA curves
of the PLA blends with the P(VAc-co-VA) copoly-
mers are shown in Figures 2 and 3.

In Figure 2, the tan d curve of PLA/PVAc 85/15
showed one peak at 54.2�C that was lower than the
temperature in which the peak of pure PLA was
located (60.6�C). The curve related to PLA/P(VAc-
co-VA)5 85/15 also had a peak at a lower point
(54.3�C). Because only one peak was observed for
both of mentioned blends, PLA/PVAc and PLA/
P(VAc-co-VA)5 85/15 were miscible blends. The mis-
cibility of PLA with P(VAc-co-VA) increased with
decreasing copolymer content,18 so we infered that
PLA was miscible with PVAc and PLA/P(VAc-co-
VA)5 in 5 and 10% copolymer as well.
For the blend of PLA with P(VAc-co-VA)15, the

miscibility of the blend was dependent on the copol-
ymer content. The glass-transition temperature (max-
imum of the tan d curve) of the PLA/P(VAC-co-
VA)15 blend with 5% copolymer was 52�C (Fig. 3),
and only that peak was observed on the tan d curve.
So PLA/P(VAc-co-VA)15 95/5 was a miscible blend.
On the contrary, there were two peaks at 27 and
58.3�C for the tan d curve of the PLA/P(VAc-co-
VA)15 90/10 blend. The temperatures at which those
peaks were located were slightly different from the
glass-transition temperatures of the pure polymers

TABLE I
Molar Fractions of VAc after Various Hydrolysis Times

as Determined by NMR

Reaction
time (min)

XVAc from
eq. (1)

XVAc from
eq. (2) Average

0 0.975 0.990 0.983
50 0.952 0.966 0.959
130 0.934 0.919 0.927
200 0.851 0.884 0.868
300 0.805 0.815 0.810
420 0.710 0.658 0.684

Figure 2 DMTA curves of the PLA blend with PVAc
and P(VAc-co-VA). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3 DMTA curves of the PLA blend with P(VAc-co-
VA) at different compositions. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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(60.6�C for PLA), so PLA/P(VAc-co-VA)15 90/10
could be known as a partially miscible blend with a
low miscibility. The tan d curve of the PLA/P(VAc-
co-VA)15 85/15 blend also had two peaks with max-
ima on 26 and 59.6�C that were close to the glass-
transition temperature of the pure polymers. There-
fore, the latter blend was an immiscible blend.

Morphology

The films of the blends of PLA and P(VAc-co-VA)
were transparent.

Figure 4(a,b) shows polarized optical micrographs
of the samples. The small domains of P(VAc-co-VA)
appeared uniformly dispersed at the whole surface
of the blends. The observed phase separation was
consistent with the DMTA results.

Tensile testing

The tensile properties of PLA blended with
pure PVAc and the 10% hydrolyzed PVAc co-

polymer, P(VAc-co-VA)10, are presented in Tables
II and III.
For the PLA/PVAc blends (Table II), the tensile

strength and elongation at break of the samples was
increased and the modulus was decreased with
increasing PVAc content. With regard to the changes
in the modulus and elongation at break of PLA after
it was blended with PVAc, we inferred that PVAc
improved the ductility and tensile strength of PLA.
The same results were reported by Gajria et al.19 for
PLA/PVAc blends at low PVAc contents. Addition-
ally, an increase in the tensile strength is a great
advantage for packaging applications.
When PVAc was replaced with the P(VAc-co-

VA)10 copolymer, a different trend in the tensile
properties was observed (Table III). For composi-
tions in which P(VAc-co-VA)10 was immiscible with
PLA (10 and 15% copolymer), the tensile strength
decreased slightly. This should have been due to the
immiscibility and low interaction between the poly-
mer chains in the blend. Another effect of the
increase in the concentration of the copolymer in the
blends was a decrease in the modulus. This decrease
was observed under both miscible and immiscible
conditions. The addition of 5% of P(VAc-co-VA)10 to
PLA increased the elongation at break of the poly-
mer by about 50%. However, when the composition
of copolymer increased to 10 and 15%, no notable
change in elongation at break was detected. This
could be explained by the effect of two opposite fac-
tors. On one hand, the immiscibility of the polymers
in higher copolymer contents led to a decrease in
the elongation at break; on the other hand, the addi-
tion of a more ductile copolymer increased the elon-
gation at break by increasing the ductility of PLA.
So, we could infer that at higher copolymer contents,

Figure 4 Polarized optical micrographs of the samples:
(a) PLA/P(VAc-co-VA) 15 90/10 and (b) PLA/P(VAc-co-
VA) 15 85/15. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

TABLE II
Tensile Properties of the PLA/PVAc Blends

PVAc
content
(%)

Tensile
strength
(MPa)

Modulus
(MPa)

Elongation
at break

(%)

0 26 1051 16.1
5 27.6 967 21.2
10 28.8 918 25.9
15 29.1 798 29

TABLE III
Tensile Properties of the PLA/P(VAc-co-VA)10 Blends

P(VAc-co-VA)
10 content (%)

Tensile
strength (MPa)

Modulus
(MPa)

Elongation at
break (%)

0 26 1051 16.1
5 26.9 914 24
10 25.7 860 24.4
15 23.3 821 24.1
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those opposite factors counterbalanced each other
and caused no significant change in the elongation
at break of the blends.

Oxygen permeability

The oxygen permeability of various blends as a
function of the blend composition is shown in Figure
5. The oxygen-barrier properties of PLA were
slightly increased after its blending with PVAc
homopolymer. However, P(VAc-co-VA) copolymers
significantly decreased the oxygen permeability of
PLA; this reduction was proportional to the amount
of copolymer added and also to the VA content of
the copolymer.

The oxygen permeability of the blends decreased
abruptly at a P(VAc-co-VA) content of 5%. For the
blends containing 5% copolymer, compared to pure
PLA, the permeability decreased by 22, 35, and 39%
for copolymers containing 5, 10, and 15% VA,
respectively. The permeability reduction of the
blends continued with increases in the copolymer
content to 10 and 15%. In summary, the oxygen-bar-
rier properties of the blends improved with increas-
ing VA units of copolymer in the blend. The VA
units contained hydroxyl groups that were polar
pendant groups; this led to strong energetic interac-
tions between the polymer chains by hydrogen
bonds, efficient polymer chain packing, low free vol-
ume, and in turn, low permeability in the blends. As
a result, PLA became a better barrier against oxygen
when it was blended with P(VAc-co-VA).

An inconsistency in the permeability reduction
trend of the blends by copolymer content was
observed for the PLA/P(VAc-co-VA)15 85/15 blend.
Teh permeability of the mentioned blend was a bit
greater than that of the PLA/P(VAc-co-VA)15 90/10
blend. This may have been due to the immiscibility
of the PLA/P(VAc-co-VA)15 85/15 blend. When im-
miscible polymers are blended, as when inorganic
filler is added to a polymer matrix, it results in the
formation of a dispersion of one component in a

continuous matrix of the other. The barrier proper-
ties of those systems depend on the permeabilities of
the individual components, their volume fractions,
the phase continuity, and the aspect ratio of the dis-
persed (or discontinuous) phase. So, an increase in
the dimensions or probable changes in the shape
and dispersion of the dispersed phase might have
caused the discrepancy in the observed trend.

CONCLUSIONS

Blends of PLA and P(VAc-co-VA) were prepared,
and the miscibility, tensile properties, and oxygen
permeability of the blends were investigated. P(VAc-
co-VA) copolymers were obtained by the hydrolysis
reaction of PVAc, and the degree of hydrolysis was
specified by 1H-NMR characterization, which
revealed a linear relation between the degree of hy-
drolysis and the reaction time.
The miscibility of the blends was examined by

DMTA. Blends of PLA and PVAc were miscible in
all of the investigated compositions. Also, PLA
formed a miscible blend with the P(VAc-co-VA) co-
polymer, which contained only 5% VA. The blends of
PLA and P(VAc-co-VA) containing 10 and 15% VA
were immiscible at 90/10 and 85/15 blend composi-
tions, respectively. The results of tensile testing
showed that P(VAc-co-VA) improved the ductility of
PLA, and this was more remarkable when two poly-
mers were miscible. The oxygen permeability of PLA
decreased when it was blended with P(VAc-co-VA).
The decrease in permeability was proportional to the
content of polar VA units in the blend, and miscible
blends had better barrier properties than immiscible
ones. So, P(VAc-co-VA) significantly improved the
barrier properties and the mechanical properties of
PLA for possible use as a packaging material.
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