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ABSTRACT: The interaction between poly(vinyl alcohol)
(PVA) and low-molar-weight poly(ethylene oxide) (PEG)
was studied. The thermal stability, glass transition tempera-
ture (Tg), crystallization, and melting behaviors were char-
acterized as functions of content and molar mass of PEG.
Dynamic mechanical thermal analysis revealed that PEG
was compatible with PVA and provided plasticization effect
to the latter. However, the plasticization was countered by
the formation of hydrogen bonds between PEG molecules

and PVA segments, which depressed the movement of
PVA segments. At moderate contents of PEG, the hydrogen
bonds were responsible for the increase in Tg, increase in
crystallization heat, and decrease in crystallization rate.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

The amount of research involving the production
and characterization of biodegradable films has
increased substantially, mainly due to interest in
minimizing the ecological impact caused by using
synthetic packaging. A significant proportion of this
research on films has been made using a polar,
water soluble, biodegradable polymer, poly(vinyl
alcohol) (PVA). With multi-lateral hydroxyl groups,
strong hydrogen bonding may be formed both intra-
and intermolecular, which endows PVA high tensile
strength, excellent adhesive properties, abrasion re-
sistance, antialkaline resistance, and gas barrier
properties.1,2 PVA has played a significant role in
many industrial applications such as fibers, films,
adhesives, textile sizing, emulsifiers, paper coating,
and so on.

However, PVA possesses a melt processing prob-
lem since it shows little thermoplasticity at its melt-
ing temperature where decomposition occurs
quickly. To improve the thermoprocess capability of
PVA, various plasticizers3–10 were adopted to reduce
the melting temperature and enhance the flowability.

The selection of a plasticizer for a specified system
is normally based on the compatibility and perma-
nence of the plasticizer, the amount necessary for
plasticization, and the desired physical properties of
the films.11

Because of the diversity of the chemical structure
and molecular weight, the plasticizers show different
plasticization effect on PVA, and the plasticization
has become a hot topic of research. Hodge et al.12

studied the plasticization of water for PVA, and
measured the morphological, free volume, and mo-
bility-related parameters as a function of water con-
tent by positron annihilation lifetime spectroscopy,
solid state 13C nuclear magnetic resonance, and
dynamic mechanical analysis (DMA). The techniques
were combined to elucidate the effects of water on
the macro- and microstructure. Mohsin et al.13 stud-
ied the thermal and mechanical properties of films
based on blends of PVA with different weight
percent of sorbitol. It was found that the thermal
properties of PVA blends showed a decrease propor-
tional to the sorbitol concentrations. The plasticiza-
tion of glycerol was explored by Rahman et al.14

using differential scanning calorimetry (DSC) to
determine the changes of enthalpy of melting (DHm),
which was taken as a measure of intermolecular
interactions among the blending components.
In this work, the plasticization of low-molecular-

weight poly(ethylene glycol) (PEG) for PVA was
studied in the thermal properties of their blends.
Among other measures, the research was carried out
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from a different point of view, i.e., from crystalliza-
tion kinetics of PVA. Since, during the crystalliza-
tion, the PEG species would be eliminated from the
lattice of PVA. This meant that the interaction
between PVA and PEG should be destroyed first
and the crystallization could occur. For this reason,
it was expected that the interaction between PVA
and PEG would delay the process of crystallization,
in other words the kinetics of crystallization could
be taken as a characteristic of the interraction
between PVA and PEG.

It should be mentioned that in the melt, PEG may
be uniformly dispersed in PVA; while in solid state,
the PEG molecules themselves did not inhabit intact
crystallites, and plasticization occurs in the amor-
phous region only. For this reason, the quoted PEG
content was only correct for the melt state and
should be modified according to crystallinity of the
samples. However, for the purpose of comparison,
the content correction seemed unnecessary and the
loaded PEG content was used throughout this study.

EXPERIMENTAL

Materials

PVA, degree of Alcoholysis 99%, degree of polymer-
ization 1700, purchased from Kurerey Company, Ja-
pan. Polyethylene glycol, molar mass 200, 400, and
600 (denoted as PEG200, PEG400, and PEG600,
respectively), from Sinopharm Chemical Reagent,
Ethanol, analytical grade, Beijing Chemical Plant.

Membrane preparation

The solid-state PVA/PEG polymer membranes (vari-
ous PEG contents) were prepared by solution casting
method. PVA and PEG were dissolved in distilled
water with a concentration of 10 wt % forming a ho-
mogeneous solution, which was then poured onto a
PTFE plate to obtain a film. For comparison, film of
neat PVA was prepared with above procedures.

Thermo gravimetric analysis

TGA analysis of PVA/PEG membranes were per-
formed using a Thermogravimetric Analyzer
Q5000IR (TA Instruments, US). The samples (� 10
mg) after weighted in a pan were placed inside a
tube furnace, which was heated up to 600�C at a
rate of 20�C/min under nitrogen or air atmosphere.

Differential scanning calorimetry

DSC analysis of polymeric membranes were per-
formed using a DSC Q100 (TA Instruments, US).
The sample was first heated from room temperature

to 240�C, holding 8 min to erase the thermal history.
Subsequently, the sample was cooled to (70�C at a
preset rate, and then heated at 20�C/min to 240�C.
All the scanning was carried out under nitrogen
atmosphere.
The data was analyzed with Jeziorny method15

using the equation:

1� aðTÞ ¼ exp½�Ztt
n� (1)

The rate constant Zt. should be modified to
accommodate the cooling rate:

log Zc ¼ log Zt

b
(2)

The half-time was calculated as

t1=2 ¼ ln 2

Zc

� �1=n

(3)

Dynamic mechanical thermal analysis

DMTA measurements with tensile mode were per-
formed using a DMA 242C instrument (NETZSCH,
Germany). The tests were run in a temperature
range from (50 to 150�C with a frequency of 10 Hz
and a heating rate of 3�C/min. To prevent sample
buckling during heating, the ‘force track’ option was
activated and set at 120% with an initial preload of
0.5N. All rectangular samples (15 � 5 � 0.3 mm3)
were taken from central part of the film.

RESULTS AND DISCUSSION

Water evaporation of PVA/PEG film

After a PVA/PEG blend film was cast, it was sub-
jected to drying at 80�C in a vacuum oven and with
its weight registered as a function of time. Figure 1
compared the weight loss rate of the samples con-
taining 20 wt % PEG200, 400, or 600. In spite of the
difference in the molar mass of the PEGs, the weight
loss rates before 5 h for the three samples were com-
parable; this was obviously because of the evapora-
tion of water. After 5 h, the PEG200 system contin-
ued to loss weight with a certain rate, while the
weight of other two samples basically maintained
constant. The stable reservation of PEG400 and
PEG600 was mainly originated from the formation
of hydrogen bonds between the terminate hydroxyl
groups on PEG and the lateral hydroxyl groups of
PVA. Of course, PEG200 may also form hydrogen-
bonds with PVA segments; however, its molar mass
was too small to be stable reserved. Based on the
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time of water removal, the films after 5 h drying
were used in other determinations.

Because of the hydrophilic nature of the polymer,
some water species may be still present in the sys-
tem after 5 h drying; on other hand, some PEG spe-
cies may be evaporated before 5 h. To be simple, the
water content after 5 h drying was considered con-
stant and its effect was ignored in later discussions.
For the same reason, the PEG loss during the first 5
h drying was also ignored.

Thermogravimetry

Figure 2 presented TG and DTG thermograms of
neat PVA and PEGs. The PEGs exhibited a single
temperature peak whereas PVA exhibited two peaks
at 280 and 440�C, in agreement with Mohsin et al.13

The first step region around 250–370�C was due to
the degradation of PVA chains; the second step
around 380–500�C was due to the carbonation of
polymer matrix followed by a final decomposition of
the polymer that began around 500�C.

The first weight loss of neat PVA around 250–350�C
provided a processing window between 180 and
250�C. For the PEGs, it was obvious that, the higher
the molar mass, higher the decomposition tempera-
ture range. Owing to the low-molar-mass, the decom-
position of PEG200 occurred between 150 and 300�C,
which eliminate its usage as a plasticizer for the melt-
processing of PVA. The decomposition temperature
ranges for PEG400 and 600 were 250–350�C and 300–
400�C, respectively, both higher than the conventional
processing window of PVA and were thus suitable to
be used as plasticizers for PVA. For this reason, the
research work in this article was mainly focused on
the blends of PVA and these two PEGs.

The TG and DTG curves of PVA/PEG400 blends
were presented in Figure 3, with neat PVA as a ref-
erence. One may find that the weight loss curves of
the blends were not a simple superposition of those
of neat PVA and PEG400: the temperature of maxi-
mum weight loss rate of the blend decreased with
increasing content of PEG400, and was a few
degrees lower than that of neat PVA. When PEG400
was dispersed in the PVA matrix, the molecules of
PEG400 form hydrogen bonds with PVA segments
with the price of the disassociation of the hydrogen
bonds in the previous neat PEG400. The mobility of
nonhydrogen bonded PEG400 molecules was thus
increased. On the other side, the inclusion of PEG
species into PVA enlarged the intersegment spacing
and the mobility of PVA segments was also
enhanced. For this reason, PEG400 and the blends
were decomposed at a lower temperature than neat
PVA, as seen in Figure 3.

Figure 1 Weight loss of PVA/PEG films during drying.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]

Figure 2 TG curves of PVA and PEGs (a) TG; (b) DTG.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com]
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The maximum weight loss rate provided more in-
formation, which was presented in Table I. In the
PEG400 loading between 5 and 20 wt %, a systematic
change in maximum weight loss rate was observed:
the higher the content of PEG400, the higher the max-
imum weight loss rate. When the loading of PEG400
was lower or equal to 10 wt %, the hydrogen bond-
ing was not sufficient to stabilize the PVA segments.
And, because of its low-molar-mass, PEG400 mole-
cules themselves were subjected to decompose at this

temperature region (one may recognize this from
Fig. 3), as a result, the maximum weight loss rate of
the blends was higher than neat PVA. When a suffi-
cient amount of PEG molecules was introduced
(higher than 10 wt %), the hydrogen bonding became
strong enough to stabilize the PVA segments and
molecules of PEG400, the maximum weight loss rate
was lower than that of neat PVA. However, when the
loading of PEG400 was too high, some of the PEG400
molecules became self-aggregated, the spacing effect
was enhanced, and the maximum weight loss rate
was somewhat increased.
Figure 4 showed the weight loss behavior for

PVA/PEG600 systems. Because of the similarity, the
above discussion for PVA/PEG400 systems could
well be applied with the only exception regarding the
change of maximum weight loss rate with the loading
of PEG600. One may see that even at low content of
PEG600, the maximum weight loss rate of the blend

Figure 3 TG curves for PVA/PEG400 blend films (a) TG;
(b) DTG. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]

TABLE I
Maximum Weight Loss Rates of Various

PVA/PEG Blends

Maximum weight loss rate (wt %/�C)

Neat PVA 1.62
PEG content (wt %) 5 10 15 20 25
PEG400 1.83 1.74 1.04 0.96 1.33
PEG600 1.41 1.55 1.52 0.97 1.22

Figure 4 TG curves for PVA/PEG600 blend films (a) TG;
(b) DTG. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com]
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was lower than neat PVA. This was resulted from its
higher-molar-mass of PEG600. From Figure 4 one
could see that at the temperature region of maximum
weight loss rate, PEG600 was not yet substantially
decomposed, all the PEG600 introduced may be read-
ily hydrogen bonded with PVA segments, and thus
decreased the maximum weight loss rate.

Glass transition temperature

The glass transition temperature (Tg) of the samples
was determined via dynamic mechanical thermal anal-
ysis (DMTA) and was taken as the location of maxi-
mum loss tangent (tan d). This was shown in Figure 5,
where the dependence of Tg on the molar mass was
presented. One could conclude that all the PEGs dis-
played plasticization effect on PVA, since their inclu-
sion indeed caused decrease in Tg. As aforementioned,
the introduction of PEG resulted in two changes:

(i) Forming hydrogen bond with PVA segments,
which increased Tg of PVA, and (ii) enlarging the
intersegment distance, which lowered Tg. However,
since the hydrogen bonding could only occur at two
ends of each PEG molecules, the spacing effect could
be strengthened by increasing the molar mass of PEG.
Indeed, as seen in Figure 5, the plasticization provided
by PEG600 was much effective than the counterpart of
PEG400. As for PEG200, an even low Tg of 61�C was
exhibited, which could also be attributed to the spac-
ing effect. At the same weight loading, the molecule
number introduced for PEG200 was a half of that for
PEG400 or one-third for PEG600. Such a large number
of molecules could not be accommodated with hydro-
gen bonds, and a large fraction of the molecules was
self-aggregated, resulting in a lower Tg. However, as
aforementioned, the PEG200 was not stable in the sys-
tem; its plasticization effect was only temporarily.
Figure 6a showed the effect of PEG400 content on

the glass transition temperature. At low loadings, the
Tg of the blends kept increased with increasing con-
tent of PEG. When the content of PEG400 was 25 wt
%, the Tg of the blend increased to the level of neat
PVA. This meant that the plasticization for PVA was
only effective at low PEG400 contents. When the
PEG400 content was too high, the spacing effect was
fully offset by the hydrogen bonding, therefore an
antiplasticization was observed. Figure 6(b) was the
counterpart of Figure 6(a), for PEG600. The same
change trend in Tg with PEG content was observed,
as a result, above discussion for PEG400 system could
be well applied to the PEG600 system. However, one
may notice that the Tg of the PEG600 system was well
lower than its PEG400 counterpart, which once again
demonstrated the effect of intersegment spacing.

Crystallization kinetics of PVA

The crystallization kinetics of PVA was studied
through nonisothermal crystallization and the data
was analyzed with Jeziorny method. All the calcu-
lated parameters for PEG400 and PEG600 were pre-
sented in Tables II and III, and typical DSC curves
for PVA/PEG400 systems were shown in Figure 7.
Two crystallization events could be observed from
the curves. Cooled from melt, PVA species crystal-
lized at about 204�C, and the PEG species remained
in liquid state until its much lower crystallization
temperature was reached. Since the crystallization
temperatures of PVA and PEG were separated by a
distance about 200�C, the crystallization of PEG had
no effect on the crystallization behavior of PVA and
thus was ignored in the following discussions.
Among the numerous parameters, the half-time of
crystallization or half-conversion time, t1/2, was con-
sidered a characteristic of the crystallization rate and
it constituted the main concern in this article.

Figure 5 Tan d-temperature plots via DTMA for PVA
and PVA/PEG blends PEG content (a) 10 wt %, (b) 20 wt
%. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com]
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Regarding the same composition cooled at different
rates, one found a well known behavior: the higher
the cooling rate, the shorter the half-time, i.e., the
faster the crystallization. The interesting observation
was the effects of the content and molar mass of PEG
species. Since the crystallization behavior was similar
at different cooling rates, we just took the data for

cooling rate of 25�C/min as an example in the discus-
sion, which was summarized in Tables II and III.
As aforementioned, the PEG species in PVA ma-

trix may form hydrogen bonds with PVA segments.
When crystallization occurred, such PEG species
should be removed from PVA crystallites, as a
result, the crystallization would be delayed. The
more the PEG species incorporated, the slower
would be the crystallization. Such a behavior was
reflected from the data in Tables II and III. One
could see that the t1/2 indeed increased with increas-
ing PEG content with other parameters constant.
Although, the difference in t1/2 was minor, a system-
atic change was observed.
Comparing Tables II with III, one could hardly tell

substantial difference in t1/2’s between systems
based on PEG400 and 600. Intuitively, the t1/2 of
PEG600 based system should be a little shorter than
its counterpart of PEG400 ones because its lower
density of hydrogen bonds. However, the removal
of PEG species from PVA crystallites was not only
an energetic process, but also a diffusion process.
The compromise between diffusion and energy

TABLE II
Kinetics Parameters of Nonisothermal Crystallization of

PVA/PEG400 Blend

PEG400
content (%) U (�C/min�1) n log Zt Zc t1/2 (min)

5 25 4.390 1.569 1.155 0.890
10 25 4.729 1.691 1.168 0.895
15 25 5.061 1.428 1.140 0.906
20 25 5.537 1.636 1.163 0.911
25 25 5.981 1.709 1.170 0.916

TABLE III
Kinetics Parameters of Nonisothermal Crystallization of

PVA/PEG600 Blend

PEG600
content (%) U (�C/min�1) n log Zt Zc t1/2 (min)

5 25 4.461 1.819 1.182 0.887
10 25 4.643 1.907 1.192 0.890
15 25 4.964 1.846 1.185 0.897
20 25 4.869 1.591 1.158 0.900
25 25 5.089 1.391 1.137 0.907

Figure 7 Typical DSC cooling spectra of PVA/PEG
blends. The loading of PEG400 was 25 wt %. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com]

Figure 6 Effect of PEG content on the glass transition
temperature (a) PEG400, (b) PEG600. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com]
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requirement made the difference between the two
systems very small.

Crystallization heat

The interaction between PVA segments and low-
molar-mass PEG was also confirmed with crystalli-
zation heat, which was presented in Table IV. For
simplicity, only the data from a cooling rate of
20�C/min was given here. One may notice that,
higher the PEG content, the larger the crystallization
heat. The PEG species influenced the crystallization
heat in two competing ways: (i) the total crystallinity
was reduced. In a study of plasticization of water to
PVA, Hodge et al.12 revealed that the crystallinity
decreased with increasing water content. If this case
could be applied to present systems, the crystalliza-
tion heat would have been decreased with increas-
ing PEG content; (ii) as the crystallization proceeded,
the PEG species was driven to amorphous region,
and an increasing number of hydrogen bonds were
formed there, and the excess energy was released,
and the crystallization heat increased with increasing
content of PEG. The data in Table IV showed that
the effect (ii) was prevailing, which just reflected the
strong interaction between PEG species and PVA.

CONCLUSIONS

The inclusion of low molar mass poly(ethylene
oxide) (PEG) into matrix of PVA changed the inter-

action between the two species in two aspects: (i)
PEG acted as spacers to enlarge the distance
among PVA segments, and (ii) PEG formed hydro-
gen bonds with PVA segments, resulting in a
physical network. The spacing effect decreased the
glass transition temperature of PVA, resulted in
plasticization; the hydrogen bonding effect influ-
enced the crystallization behavior substantially.
The higher the PEG content, the higher the crystal-
lization heat, the slower the crystallization rate,
and the higher the glass transition temperature,
though still below that of neat PVA. PEG with
higher molar mass formed less hydrogen bonds,
and this may weakened a little the hydrogen bond-
ing effect.
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Crystallization Heat for a Cooling Rate of 20�C/min

PEG
content
(wt %)

Crystallization
heat (J/g)

PEG content
(wt %)

Crystallization
heat (J/g)

400-5 61.9 600-5 51.6
400-10 63.5 600-10 54. 8
400-15 63.5 600-15 57.6
400-20 69.5 600-20 60.7
400-25 72.4 600-25 67.0
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