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ABSTRACT: This study investigated the effects of urea/
ethanolamine mixture (UE) on the crystallinity, thermal,
and mechanical properties of poly(vinyl alcohol) (PVA)
films. PVA films were prepared from solutions containing
PVA, urea, ethanolamine, and water by casting and evapo-
rating at 50�C for 12 h. The plasticization efficiency of UE
was compared with that of glycerol (GL), the conventional
plasticizer for PVA. The properties of PVA films plasti-
cized by UE and GL, abbreviated to UE-plasticized PVA
film and GL-plasticized PVA film, respectively, were
investigated by Fourier-transform infrared spectroscopy,
X-ray diffraction, differential scanning calorimetry, ther-
mogravimetric analysis, and mechanical testing. It was
proved that UE could form more stable hydrogen bonding
with the hydroxyl group of PVA molecule and was more
effective in breaking the hydrogen bonds between the
hydroxyl groups. Thus, the crystallinity of UE-plasticized
PVA films was lower than that of GL-plasticized PVA

films. The melting temperatures of UE-plasticized PVA
films were lower than those of GL-plasticized PVA films.
It was found that UE-plasticized PVA film showed a
higher degradation temperature compared with GL-plasti-
cized PVA film. The degree of swelling of UE-plasticized
PVA film was higher than that of GL-plasticized PVA film
but solubility (S) of UE-plasticized PVA film was lower in
aqueous solution. Furthermore, UE-plasticized PVA films
show lower tensile strength and higher elongation at break
(E) than those of GL-plasticized PVA films. The tensile
strength, E, and Young’s modulus of PVA film containing
30% UE mixture reached 50.78 MPa, 591.19% and 76.9
MPa, respectively. VC 2011 Wiley Periodicals, Inc. J Appl Polym
Sci 125: 697–703, 2012
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INTRODUCTION

Poly(vinyl alcohol) (PVA) is one of the most popular
water-soluble polymers produced on a large scale
commercially. PVA has found a great potential in
various industrial applications, such as emulsifier, a
stabilizer for colloid suspensions, adhesive. Because
of its excellent properties, such as good barrier prop-
erty, high strength, good film-forming property and
highly hydrophilic property, PVA has been used in
the shape of fibers, films, hydrogels, and glues.1–4

Because the melting point (Tm, typically 226�C) and
the decomposition temperature of PVA are closed to
each other, the thermal degradation also undergoes
simultaneously during melting.5 Thus, PVA has
been processed mainly from an aqueous solution
even though the melt processing is more economi-
cally favored. The realization of thermal processing

of PVA would surely be a great progress in PVA
industry.
PVA is a semicrystalline polymer in which high

physical interactions between polymer chains exist,
due to the hydrogen bonding between hydroxyl
groups. It is this hydrogen bonding which also con-
trols the thermal properties of PVA, making Tm of
PVA much higher in comparison with polyethylene
(Tm ¼ 117�135�C).6 The thermal properties of PVA
film can be tailored by changing the intensity of the
hydrogen bonding. For example, by blending a small
amount of poly(GEMA) with PVA, the thermal sta-
bility of PVA was significantly improved. This was
considered to be due to the strong intermolecular
hydrogen bonds between hydroxyl and carbonyl
groups, which suppressed the oxidative decomposi-
tion of PVA.5 Another widely used way to modify
the thermal property of PVA is by adding the plasti-
cizer. The basic rationale of the plasticization of PVA
film is that the plasticizer can form stable hydrogen
bonds with PVA chain and therefore reduce the
inter- or intramolecular interactions between PVA
chains. The widely used plasticizers for PVA are
high boiling water soluble organic compounds con-
taining hydroxyl groups, such as ethylene glycol,7
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GL8,9 and low molecular weight poly(ethylene gly-
col).10 But the plasticizing effects of these plasticizers
are limited due to the partial evaporation and ther-
mal decomposition of the plasticizer. The research of
new and high efficiency plasticizer for PVA is mean-
ingful. According to the results before, the functional
part of these plasticizers is hydroxyl group. The
‘‘C¼¼O’’ and ‘‘ANH2’’ groups could form more stable
hydrogen bonding with the hydroxyl groups11 and
were more effective in breaking the hydrogen bond-
ing between the PVA hydroxyl groups. Therefore
theoretically urea could be a better plasticizer for
PVA. In addition, previous studies have shown that
urea can destroy the hydrogen bonding of PVA mol-
ecules in the thermal processing.12 The studies of
Ma and Yu13 show that the introduction of ethanola-
mine, which is a good solvent for urea, could pre-
vent urea from separating out from starch and the
mixture of urea and ethanolamine was a better plas-
ticizer for starch compared with glycerol (GL). But
no research about the urea/ethanolamine mixture
(UE) as a complex plasticizer for PVA was reported.
In this study, we employed ethanolamine as a sol-
vent for urea and found ethanolamine could prevent
urea from separating out from PVA. The mixture of
UE could effectively modify the thermal and me-
chanical properties of PVA.

EXPERIMENTAL

Materials

PVA (DP ¼ 1750, degree of hydrolysis 99%) was
provided by Sichuan Vinylon Factory, SINOPEC
(China). The commercial PVA products were used
after washing several times with distilled water until
a pH of 7 was attained and were dried at 60�C to a
constant weight. Urea was purchased from She-
nyang chemical Co. (Shenyang, China). Ethanola-
mine and GL were purchased from Kelong chemical
Co. (Chengdu, China). Distilled water was used
throughout the experiments. Analytically pure grade
urea, ethanolamine, and GL were used as received.

Preparation of PVA films

PVA films were prepared by the casting method.
First, a calculated amount of PVA, urea, ethanola-
mine or GL were dissolved in distilled water by
heating in an oil bath at 95�C for 2 h, and a 5 wt %
PVA aqueous solution was prepared, which was
called the film-forming solution. The film-forming
solutions were casted onto the petridish and dried at
50�C for 12 h to completely eliminate water. Dried
films were put in polyethylene bags and stored at
room temperature for 1 week before testing. The
plasticized films were named with the first letter P

for PVA and UE, GL for UE, GL, respectively. The
suffixes 10, 20, 30, 40 represent the concentration of
the plasticizer added. For example, PUE30 presents
the PVA film plasticized by 30 wt % (weight base of
dry PVA) UE. In this article, all UE were blended by
the weight ratio of 1 : 1.

Fourier-transform infrared (FT-IR) spectroscopy

The infrared spectra were measured with a FT-IR
spectrophotometer (Nicolet 560). The film-forming
solutions were casted to the transparent slices. The
measurement was carried out at 4 cm1 and 32 scans.

X-ray diffraction measurements

X-ray diffraction (XRD) patterns were recorded in
the reflection mode in the angular range 5�40� (2y)
at ambient temperature by an X’ Pert Pro MPD dif-
fractometer. The radiation from the anode, operating
at 50 KV and 35 mA, monochromized with a nickel
foil. The measurement was performed at a scanning
speed of 2y ¼ 0.08� s1.

Differential scanning calorimetry

The melting point (Tm) was measured by a differen-
tial scanning calorimeter (NETZSCH DSC 204). Sli-
ces of the plasticized PVA films with total weight of
5�7 mg were weighted and sealed in an aluminum
pan. The pans were heated from 30 to 250�C at a
rate of 10�C/min under a flow of Nitrogen. Tm was
determined as the peak temperature of the melting
endotherm.

Thermogravimetric analysis

PVA films were cut into small pieces, which were
tested by TA 2950 TGA thermal analysis instrument
(DuPont). The samples were about 5�10 mg in a
sealed aluminum pan. The scope of the testing tem-
perature was from 30 to 600�C at a heating rate of
10�C/min.

Degree of swelling and solubility of PVA films

Dried films were immersed in distilled water at the
temperature of 30�C. After the equilibrium (24 h),
the moisture on the surface of the film was removed
by filter paper, and the weight of the film was meas-
ured. The degree of swelling (DS) in film was calcu-
lated as (1):

DS ¼ ðWe �WoÞ=Wo (1)

where, We is the weight of PVA film at the adsorb-
ing equilibrium, and Wo is the weight of the first dry
PVA film.
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The swelled PVA films were dried again for 24 h
at 60�C. And its solubility (S) was calculated by the
following eq. (2):

S ¼ ðWo �WdÞ=Wo (2)

where, Wd is the dry weight of the swelled PVA
film.

Mechanical measurements

The tensile strength (TS), Young’s modulus, and
elongation at break of PVA films were tested by
extension measurements at room temperature using
a tensile tester (Instron 5567). The crosshead speed
was 50 mm/min. The initial gauge length of the
specimen was 20 mm. The width of each tensile
sample is 4 mm. Thickness of the film was measured
with a micrometer in triplicate. Samples were equili-
brated in vacuum desiccators over the saturated so-
lution of Mg(NO3)2 giving RH of 54% for 72 h before
mechanical testing. The date was average of 5–7
specimens.

RESULTS AND DISCUSSION

Most films prepared were transparent and showed
good mechanical cohesion. However, after casting,
PUE50 were brittle, opaque, nonhomogeneous dry
product, which could not be considered as suitable
materials. After for a storage time, the phase separa-
tion could also occur for PUE40 samples. Phase sep-
aration of PVA plasticized by beyond 40% GL has
been indentified before.8 So the threshold amount of
the plasticizer used in this article is 40%.

The hydrogen bonding interaction between
plasticizers and PVA

The basic rationale of the plasticization of PVA film
is that the plasticizer can form stable hydrogen
bonding with PVA molecules. The intensity of the
hydrogen bonding between the plasticizer and PVA
is crucial for the plasticization efficiency. Both UE
and GL can form hydrogen bonding with PVA mol-
ecule. The possible hydrogen bonds between UE

and PVA molecules are shown in Figure 1. The most
obvious investigation of hydrogen bonding is in the
infrared region, where the vibrations of molecules
can be studied. The spectra of PVA, PG30, and
PUE30 are shown in Figure 2. The appearance of a
double absorption peak at 1660 and 1630 cm�1 in
the PUE30 spectrum is the ANH2 absorption peak of
urea and ethanolamine molecules.
PVA molecule is generally associated with the

inter- and intramolecular hydrogen bonding and
there is no absorption band of free ‘‘AOH’’ at 3600
cm�1.14 The absorption band of ‘‘AOH’’ engaged in
the hydrogen bonding at 3330 cm�1 is obvious. The
plasticizer can form hydrogen bonds with PVA mol-
ecules and the addition of plasticizer will result in
the decreasing in the inter- and intramolecular
hydrogen bonds of PVA molecules. The change of
the wavenumber of hydroxyl groups with the con-
centration of UE was shown in Figure 3. It can be
seen that the wavenumber of ‘‘AOH’’ shifted to a
higher value with the increment of UE concentra-
tion. This indicates that the addition of UE can
weaken the inter- and intramolecular hydrogen
bonding between PVA molecules. Furthermore, the
magnitude of band shift for PUE30 was larger than
that of PG30, indicating that UE could form more
stable hydrogen bonding with PVA chains than GL.

Figure 1 Possible hydrogen bonds between PVA and UE.

Figure 2 The FT-IR spectra of PVA, PG30, and PUE30.
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XRD analysis

The XRD patterns of PVA, plasticized by different
concentration of UE, are shown in Figure 4. The dif-
fraction traces are displaced from one another verti-
cally for PVA films containing different concentra-
tion of UE. Within this angular range there are four
crystalline maxima which may be indexed as 001 at
2y ¼ 16.1�, 101 at 2y ¼ 19.4�, 101 at 2y ¼ 20.0� and
200 at 2y ¼ 22.7� for PVA.6,15 The crystal peak at
around 22.5� in Figure 4 could be ascribed to urea
crystallinity. With the increment of the concentration
of UE, the diffraction peaks decreased rapidly in in-
tensity. It is clear that the introduction of UE into
PVA can destroy the crystal structure of PVA and
reduce the degree of the crystallinity of PVA films.
The Bragg peak of urea at 2y ¼ 22.5� only appeared
in PUE40 sample. This is in accordance with our
previous results. Urea and ethanolamine molecules
can form stable hydrogen bonds with PVA chains

and thus break the intermolecular hydrogen bonds
of PVA chains. In other words, the interaction
between PVA and urea, ethanolamine reduces the
crystallinity of PVA, resulting in an amorphous
structure. This destruction also caused the decrease
in the melting temperature (Tm) as discussed later.
The diffraction trace of PUE30 is compared with

that of PG30 in Figure 5. As shown in Figure 5, the
diffraction peak of PG30 is sharper and stronger
than that of PUE30, indicating that the crystallinity
of PG30 is higher than that of PUE30. This is in ac-
cordance with the later result that Tm value of PG30
is higher than that of PUE30.

DSC measurements

Most of the plasticizers used in PVA can reduce the
glass transition temperature (Tg) and Tm of PVA.
This is one of the most used technical solutions to
achieve thermoplastic PVA. The relationship
between Tg of PVA and the plasticizer has been esti-
mated by Kelly-Bueche equation.16,17 In this article,
DSC method is used to determine Tm of PVA. The
peak temperature of the melting endotherm is taken
as Tm.
Figure 6 shows the DSC heating thermograms of

PVA with different content of UE. PVA shows a
melting endotherm at 229.5�C followed by another
endotherm peak at a higher temperature. The latter
endotherm corresponds to the thermal degradation
of PVA,16 which brings a difficulty in the thermal
processing of PVA. With the addition of UE, the
melting endotherm takes place at a lower tempera-
ture. PUE30 shows a straight base line after the melt-
ing endotherm and no further endotherm can be
observed at the higher temperature. This implies
that the UE complex plasticizer can not only reduce
Tm of PVA but also suppress the thermal degrada-
tion of PVA.

Figure 3 The change of wavenumbers of the infrared
absorption band with the concentration of UE.

Figure 4 X-ray diffraction patterns from PVA films with
different concentration of UE. Figure 5 X-ray diffraction patterns of PG30 and PUE30.
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GL can reduce the Tm of PVA and the plasticiza-
tion effect of GL for PVA has been studied by Jyong-
sik Jang.8 In this article, we compare UE with GL in
reducing the Tm of PVA. The DSC heating thermo-
grams of PVA with different concentration of GL are
shown in Figure 7. Tm values of PVA with different
content of UE and GL are shown in Figure 8. At the
same concentration, Tm of UE-plasticized PVA films
are lower than those of GL-plasticized PVA films.
As we have discussed earlier, this is because UE
could form more stable hydrogen bonds with PVA
and is more effective in reducing the degree of crys-
tallinity of PVA than GL.

Thermogravimetric analysis

DSC measurements indicate that the addition of
plasticizers can suppress the thermal degradation of
PVA and enhance the thermal stability of PVA. In
this part, the thermal stability of PVA was measured

by a thermogravimeter. The measurement was car-
ried out from room temperature to 600�C at a heat-
ing rate of 10�C/min. The thermogravimetric curves
of PG30 and PUE30 samples are shown in Figure 9.
The DTG curves of PG30 and PUE30 are shown in
Figure 10. Previous studies prove that the thermal
degradation of PVA is initiated by the elimination of
side groups from the main chain and follows a two-
step mechanism.18 The first degradation step of PVA
is the elimination of the hydroxyl and acetate side
groups.19 For fully hydrolysis PVA, the ratio of ace-
tate side groups is very small. These indicate that at
least hydroxyl groups take part in the thermal deg-
radation of PVA, and the stability of hydroxyl
groups is crucial for the stabilization of PVA. Thus,
the addition of the plasticizers can suppress the ther-
mal degradation of PVA and enhance the thermal
stability of PVA.
PUE30 had the first degradation peak at 271.19�C,

whereas PG30 had the first degradation peak at

Figure 6 DSC heating thermograms of PVA with differ-
ent concentration of UE.

Figure 7 DSC heating thermograms of PVA with differ-
ent concentration of GL.

Figure 8 The change of Tm values of PVA with the con-
centration of UE and GL.

Figure 9 Thermogravimetric analysis traces of PG30 and
PUE30.
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246.18�C. It indicates that PUE30 was more stable
than PG30 in the first degradation step.

It can be interpreted that UE can form stronger
hydrogen bonds with hydroxyl groups of PVA and
thus the hydroxyl groups of PUE30 is more stable
than those of PG30. Volatilization or degradation of
plasticizers also occurs in this step. The crystallinity
of PUE30 is lower than that of PG30 and the degra-
dation is initiated in the amorphous region. So
PUE30 shows a larger degradation rate than PG30 as
shown in Figure 10.

Degree of swelling and solubility of PVA films

DS and S values of different PVA films are shown in
Table I. With the increment of the concentration of
UE or GL, DS values of PVA films decrease and S
values increase. DS decreased mainly because free
volume decreases for the addition of UE or GL. S
values increased mainly because the plasticizer
would dissolve out at the attack of water molecules.
It has been claimed that the crystallites are more re-
sistant to attack from water molecules because of the
higher packing efficiency.20 DS of UE-plasticized

PVA film is slightly higher than that of GL-plasti-
cized PVA film. It can be interpreted that the degree
of crystallinity of UE-plasticized PVA film is lower.
The same phenomenon has been observed for
Starch/PVA film containing citric acid by Hye-
Ryoung Park.21 Meanwhile, UE-plasticized PVA
films show lower S values than that of GL-plasti-
cized PVA films. This indicates that UE was
attached to PVA more tightly and was more resist-
ant to the attack from water molecules than GL.

Mechanical measurements

The mechanical properties of PVA with different
concentration of plasticizers were evaluated from
stress-strain curves. They were tested for TS, elonga-
tion at break (E), and Young’s modulus. The trends
in tensile property change with respect to the
amount of plasticizers are shown in Table Table II.
PVA film without plasticizer is brittle, showing high
TS and low E. No matter which types of plasticizers
were added, TS decreased and E increased with
increasing the amount of plasticizer. This arises from
the fact that that both UE and GL can decrease the
crystallite region of PVA and increase the segmental
mobility of PVA.
Furthermore, it can be observed that UE-plasti-

cized PVA films show lower TS and higher E than
those of GL-plasticized PVA film. It can be inter-
preted that UE can form stronger hydrogen bonds
with PVA and the crystallinity of UE-plasticized
PVA film was lower.

CONCLUSIONS

In this article, we have studied the properties of UE-
plasticized PVA film and GL-plasticized PVA film to
compare the plasticization effect of UE with GL. UE
was more effective in modifying the thermal and
mechanical properties of PVA. It was proved that
UE could form stronger hydrogen bonds with PVA
chains than GL. This was the origin of the difference

Figure 10 DTG curves of PG30 and PUE30.

TABLE I
DS and S of Different PVA Films Having Various
Concentrations of Urea/Ethanolamine and Glycerol

Degree of swelling (DS) Solubility (S)

PVA 1.650 0.06
PG10 0.865 0.0909
PG20 0.820 0.12
PG30 0.735 0.224
PG40 0.568 0.294
PU E10 1.200 0.089
PUE20 1.020 0.098
PUE30 0.820 0.196
PUE40 0.720 0.240

TABLE II
Mechanical Parameters of PVA Samples Having Various

Concentration of Urea/Ethanolamine and Glycerol

Tensile
strength (MPa)

Elongation at
break (%)

Young’s
modulus (MPa)

PVA 88.21 139.78 3743.44
PG10 72.13 227.09 2243.96
PG20 71.27 331.09 535.75
PG30 57.67 468.14 113.76
PG40 38.21 454.39 61.55
PUE10 80.19 224.10 2046.98
PUE20 70.61 347.73 384.4
PUE30 50.78 591.19 76.9
PUE40 45.57 694.25 59.2
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between the plasticizing effect of UE and GL. In con-
clusion, the high-efficiency plasticizer for PVA
should be polyfunctional organic compounds, which
can form stable hydrogen bonding with the
hydroxyl groups of PVA chains.
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