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ABSTRACT: Blend films from nature soy protein isolates
(SPI) and synthetical poly(vinyl alcohol) (PVA) compatibi-
lized by glycerol were successfully fabricated by a solu-
tion-casting method in this study. Properties of
compatibility, mechanical properties, and thermal stability
of SPI/PVA films were investigated based on the effect of
the PVA concentration. XRD tests confirm that the SPI/
PVA films were partially crystalline materials with peaks
of 2y ¼ 20�. And, the addition of glycerol will insert the
crystalline structure and destroy the blend microstructure
of SPI/PVA. Differential scanning calorimetry (DSC) tests
show that SPI/PVA blend polymers have a single glass
transition temperature (Tg) between 80 and 115.0�C, which

indicate that SPI and PVA have good compatibility. The
tension tests show that SPI/PVA films exhibit both higher
tensile strength (rb) and percentage elongation at break
point (P.E.B.). Thermogravimetric analysis (TGA) and
water solubility tests show that SPI/PVA blend polymer
has more stable stability than pure SPI. All the results
reflect that SPI/PVA/glycerol blend film provides a con-
venient and promising way to prepare soy protein plastics
for practical application. VVC 2008 Wiley Periodicals, Inc. J Appl
Polym Sci 110: 3706–3716, 2008
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INTRODUCTION

In recent years, the development of environment-
friendly and biodegradable materials based on na-
ture polymers, especially from agriculture products
including cellulose, starch, and protein materials,
have received increasing attention in an attempt to
substitute existing petroleum-based polymers.1

Among these various natural materials, soy protein-
based plastics have been extensively studied as a
potential replacement owing to their low cost, easy
availability, and complete biodegradability.2 Espe-
cially, soy protein isolate (SPI) contains more protein
than any other soy protein products, which leads it
to hold a higher film forming ability for packaging
films,3 edible films,4 and skin repair films.5 More-
over, these SPI functional films have properties of
good biodegradable performance, high barrier prop-
erties against oxygen, and effective resistance of oil
movement in low relative humidities.6–8

Besides the above-mentioned good characteristics
of SPI films, there is still an inherent problem limit-
ing them in usages, i.e., lower mechanical proper-
ties.9 Pure SPI films cannot be used directly because
of their brittle fracture. To improve the mechanical
properties, various researches have been carried out
to modify SPI materials through physical,2,10–12 enzy-
matic,13 chemical, and physicochemical methods.14–17

A survey of relevant literature reveals that the
mechanism of all these methods is to increase the
crosslinkage of protein molecules. SPI possesses
many side reactive groups such as ANH2, AOH,
and ASH, which are easy to occur crosslinking reac-
tions. Fundamentally, all these methods can be clas-
sified into two approaches. The first approach
consists of modifying the primacy structure of SPI
by graft reaction18 or monomer reaction.19 The sec-
ond approach is to modify the protein structure in
the film-forming solutions through denaturation or
reactive blending with other plasticizers or biode-
gradable polymers. Plasticizers is extensively
employed in SPI materials, which can increase the
flexibility and elasticity of plastics because of their
ability to reduce internal hydrogen bonding between
polymer chains while increasing molecular spacing.
For example, glycerol, as a plasticizer, has been
widely used to improve the toughness and to
make the SPI resin more flexible.10 Unsatisfactorily,
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glycerol is bound to the protein molecules via weak
hydrogen bonds and always leaches out over time,
greatly affecting the resin’s mechanical properties.20

One way to overcome this problem is to use an in-
ternal plasticizer that can chemically bound to pro-
tein molecules via strong covalent bonds, and thus
prevent the glycerol from leaching out. Normally,
after the formation of chemical bond in protein mol-
ecules, the protein has been denatured. Denaturation
is normally defined as the modification of the sec-
ondary, tertiary, and quaternary structure of protein
macromolecules including methods of exposure to
acid, alkali, detergent, heat, or radiation. However,
such denaturation methods without other long-mo-
lecular addition still do not show, in most cases, sat-
isfactory physicochemical and mechanical properties
for industrial applications.21 Therefore, SPI blended
with biodegradable polymers will be a promising
method for modifying SPI structure and have al-
ready received most attention to increase the foun-
dational properties of SPI films.1,21,22 Literature
shows that both of synthetic and natural biodegrad-
able polymers have been investigated as secondary
components.21,22 Recently, we have reported that the
mechanical properties of SPI films can be improved
by blending with poly(vinyl alcohol) (PVA).23 More-
over, we have confirmed that the SPI/PVA films are
‘‘green’’ materials with good biodegradability in our
previous study.23 As PVA is the largest synthetic
water-soluble polymer produced in the world, it can
be blended with other natural polymers to form bio-
degradable composites. Moreover, these PVA/natu-
ral polymers blends have promising industrial
applications in many fields because of their biode-
gradability, biocompatibility, chemical resistance,
and excellent physical properties.

Based on the above-mentioned background and
the drive of the fundamental research and industrial
application, the objective of this work was to fabri-
cate solution-casting films from SPI and long-chain
molecules of PVA and to investigate the compatibil-
ity, mechanical properties, and thermal stability of
the blends. To increase the flexibility and modify the
interfacial adhesion of the blend, glycerol was added
into blend film in this study.11 The compatibility of
SPI/PVA blends was tested to understand the blend
structure. The effect of PVA contents in SPI/PVA
films on the mechanical and thermal properties of
two series of blends with/without glycerol was com-
paratively investigated. Mechanical properties were
studied through tension tests by comparing the pa-
rameters of tensile strength (rb), percentage elonga-
tion at break point (P.E.B.), and Young’s modules
(E). Through this blend method, it was expected that
not only long-chain PVA molecules might increase
the mechanical properties and thermal stability of
SPI films, but also the little molecules of glycerol

would be helpful in enhancing the toughness of SPI
films.

EXPERIMENTAL

Materials

SPI powder (Type CVVC ) with moisture content less
than 5.0% prepared at acid precipitation and con-
taining more than 90% protein was provided by
Harbin High-technology soy protein (Harbin, China).
PVA with weight–average molecular weight (Mw) of
1.0 � 105 and minimum degree of hydrolysis of 87%
was purchased from SINPEC Shanghai Petrochemi-
cal. SPI and PVA were vacuum-dried at 50�C for 24
h before use. Analytical grades of glycerol (1,2,3-pro-
pane-triol) of 95% purity and sodium hydroxide
(NaOH) were acquired from Tianjin Chemical with-
out further treatment. Analytical grade of NaOH
pellets was applied to prepare a 2.0 mol/L solution
at room temperature in the laboratory.

Preparation of SPI/PVA blend films

Fabrication of SPI/PVA films was based on a solu-
tion casting and evaporation process. The mixture
solution was prepared as previously described.23

Briefly, a typical sample was prepared according to
the following steps. First, SPI water solution was
prepared by adding 5 g of SPI powder to 100 g of
deionized water, in which pH value was adjusted to
10.0 � 2.0 mol/L NaOH solution with continuous
200 rpm stirring rate at 80�C for 60 min. The pH
value of this solution was monitored using an elec-
tronic pH-meter (660 Type, Lengpu, Shanghai). The
reason of turning pH to 10.0 has been well known to
give a maximum protein unfolding and rearrange-
ment station.24 This pH value will also bring high
lysino-alanine linkage formation and high hydrolysis
of asparagines and glutamine primary residues. Sec-
ond, 10% (wt %) PVA water solution was stir-heated
in a water bath maintained at 90�C for 60 min. Then,
a mixture including the prepared SPI solution, vari-
ous weight ratios of 10% PVA water solution, and
glycerol was formed as the film resin. The film resin
was again adjusted to pH ¼ 10.0 with the 2.0 mol/L
NaOH solution at 80�C and stirred-heated for 30
min. At last, the mixed resin, after vacuum defoama-
tion process, was poured on a Teflon-coated metal
sheet to fabricate SPI films. Uniform film thickness
could be achieved by casting the same amount of
film-forming solution on each plate with the same
area. The Teflon-coated metal sheet was dried in an
oven at 50�C for 6 h and then cooled down to room
temperature for 24 h. After drying, films were
peeled from the sheet perfectly. Then, the films were
kept at room temperature in a conditioning
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desiccator of 43% relative humidity (RH) (condi-
tioned by CaCO3 saturated solution) for 3 days
before being tested. Specimens were cut into
demanded sizes for investigating of morphologies,
mechanical properties, and thermal properties.

By the control of the weight ratios of SPI/PVA,
such as 100/0, 95/5, 90/10, 85/15, 80/20, 75/25, 70/
30, and 60/40, a series of SPI/PVA films were coded
as P-0, P-5, P-10, P-15, P-20, P-25, P-30, and P-40,
respectively. Another series of SPI/PVA films was
prepared using earlier method mixed with glycerol.
These resulting films were coded as P-PVA-n, where
n is the weight percent of glycerol based on SPI. For
example, P-10-2 means the weight ratio of SPI and
PVA was 90/10 in the blend films, i.e., the glycerol
percent based on SPI was 2.0 wt %.

Characterizations

Surface morphologies

The surface morphologies of samples were charac-
terized using a scanning electron microscope (SEM,
XL30 PHILIPS) at an acceleration of 5 kV. The sam-
ples were adhered by double-side electrically con-
ductive carbon tape and then coated with thin gold
layers about 200 Å before observation.

XRD analysis

Pure PVA and pure SPI in powder form and SPI/
PVA blend with/without glycerol in film form were
used to obtain their X-ray diffraction patterns by
using a powder diffractometer (Rigaku D/max
2500v/pc, Japan). The specimens were scanned from
5� to 60� (2y) at 2�/min applying the Cu-Ka X-ray
radiation of 0.1542 nm. The patterns were analyzed
to estimate the percentage of the crystallinity of the
specimens.

Differential scanning calorimetry analysis

DSC was applied to analyze the glass transition tem-
peratures (Tg) for the blend films. These tests were
performed using a DSC TA2010 controlled by a
TA5000 system (TA Instruments, New Castle, DE).
The testing temperature is in the range of 0–250�C.
The samples (10 mg) were placed in hermetically
sealed aluminum TA pans and heated at 5�C/min.
The Tg corresponded to the temperature where a
baseline inflection occurred, and the melting temper-
ature was determined as the peak temperature of
the endothermic event of the DSC curves.

FTIR analysis

These film samples were dried in vacuum at room
temperature for 24 h and cut into small pieces to be

pelletized with KBr before the measurement of Fou-
rier transform infrared spectra (FTIR). FTIR spectra
were obtained on the NICOLET Magna 750 spec-
trometer with DTGS detector and OMNIC 3.2 soft-
ware using 128 scans at a resolution of 4 cm�1 in a
range of wavenumber from 4000 to 400 cm�1.

Mechanical properties

All film specimens were conditioned for 2 days in
an environmental chamber at 25�C with 50% RH
before testing. Five samples (25 mm � 100 mm) for
each film were tested. Thickness of samples was
measured with a micrometer having a sensitivity of
1 lm. Tensile strength (rb) and percentage of elonga-
tion at break point (P.E.B.) were determined by an
AG-IS model analyzer (Shimadzu, Japan) according
to ASTM D882-97 (ASTM, 2000b) procedure at the
strain rate of 5 mm/min. Young’s modules was cal-
culated from the tensile stress–strain plots by the
computer software. The values presented here are
average of five samples.

TGA analysis

The thermal stability characterization was performed
on a Dupont SDT-2960 TGA analyzer and in the fol-
lowing conditions: sample weight 50 mg, reference
material a-Al2O3, heating rate of 5�C/min with a
flow of 40 mL/min nitrogen. And, the testing tem-
perature is in the range of 0 to 800�C.

Water solubility

A method modified from Martelli et al.25 was used
to determine the solubility of films in water. Films
were cut into 50 mm � 50 mm pieces and dried at
70�C and 96 kPa in a vacuum oven for 24 h. After
drying, films were weighed to the nearest 0.01 g for
the determination of the initial dry weights of films.
Films were individually placed into in a 250 mL
beaker with 200 mL of distilled water. The beaker
was capped and placed in a shaking water bath at
25�C � 0.1�C for a period of time. By comparing
and recording the shapes of films in water using a
camera, we can distinguish the preferable sample
owing higher thermal stability. The solubility of
films was recorded at other temperatures of 20, 40,
60, 80, and 100�C by using this method, respectively.
During the dissolution process, film pieces in water
can be then filtrated out by pledget at a point of
time and then dried at 70�C and 96 kPa in a vacuum
oven for 24 h to determine the final dry weight of
films. Three replicates of each film were done. Per-
cent total soluble matter was calculated from the
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initial and final dry weights of films and reported
on dry weight basis following the eq. (1),

D ¼ W0 �W1

W0
� 100% (1)

where W0 and W1 are the weights of the films before
and after being dissolved.

RESULTS AND DISCUSSION

Surface morphologies of films

Figure 1 shows general photographs of SPI/PVA
rolling films. Each sample has the size about of 50
cm � 50 cm, which is large enough for mechanical
properties and thermal stability characterization.
Seven films, fabricated with the increasing weight
ratio of PVA in films [from left to right in Fig. 1(a)],
are in rolling state. The surface of films is very
smooth and brightness as shown in Figure 1(b). In
Figure 1(c), the print words in a paper under a film
can be seen distinctly in bright light with good
transparence. Figure 2(a–d) typically shows the SEM
morphologies of P-0, P-10, P-10-1, and P-10-3,
respectively. Obviously, these films can be fabricated
smoothly on Teflon-coated metal sheet without
cracks and microholes. With the addition of glycerol
in SPI/PVA, the surfaces have some rimples, which
might owe to the toughness effect of little molecules.

Compatibility of SPI/PVA blends

Blend solution of SPI and PVA with various weight
ratios appeared to be homogeneous at a macroscopic
level. However, Bourriot et al.26 have reported that a
mixed biopolymer system is thermodynamically
unstable, and a phase separation may not be
observed on the experimental time scale because of
kinetic energy barriers associated with the restricted
movement of biomacromolecules through biopoly-
mer networks. If different polymers were incompati-
ble, they would repel each other following with
thermodynamic phase separation. Also, Cho et al.27

reported films formed from natural polymeric ingre-
dients tended to be brittle, and plasticizers were nor-
mally added to a polymeric matrix before drying to
overcome the brittleness of films. Therefore, it is
essential to understand the compatibility between
SPI and PVA in this study. Usually, XRD tests are
applied to investigate the crystal structures and crys-
tal degrees for understanding the compatibility of
blends. For synthetic polymer of PVA, researches
have shown that composites of PVA-based/natural
polymers (including starch, cellulose, chitin, chito-
san, wheat protein, egg protein, lignin, sodium algi-
nate, etc.) have good biodegradability and

Figure 1 Photographs of SPI/PVA rolling films, (a) the
films express as the total difference in color depending on
content of PVA, (b) films have good toughness smooth
and brightness surfaces and are softer enough to rolled
into tubbiness, (c) the print words in a paper under a film
can be seen distinctly in bright light. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]
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biocompatibility.15 For example, Chiellini et al.28

have found that the diffraction pattern of PVA
dominated in the composite and the crystalline of
starch nanocrystals by the strong interactions
between PVA and starch molecules.

Figure 3 shows the typical X-ray patterns of the
pure PVA powder, pure SPI powder, P-10, P-20, and
P-20-2 according to the curves of a, b, c, d, and e.
First of all, PVA has a strong characteristic peak at
2y ¼ 20�, which is agreeing with the results obtained
by Kaczmarek and Podgórski29 working with pure
PVA films and our previous work.23 And, pure SPI
gives a strong characteristic peak at 2y values of
around 22�. With the weight ratio of 90/10 for SPI
and PVA, P-10 has two strong peaks at 2y value of
about 19� and 22�. However, the peaks intensity
decreased a lot when compared with those of pure
PVA and SPI. This indicates that the crystalline
structure of either PVA or SPI has collapsed after
blended with each other. Yakimets et al.30 have also
found similar results that the XRD curves have mul-
tipeaks in studying the crystallinity of gelatin/PVA
films. Also, Xiao and Gao31 have reported that PVA
has a flexible structure, which favor close molecular
packing and crystallization. With the addition of
glycerol in blend films, the XRD peaks are gentler
by comparing the XRD patterns of P-20 and P-20-2,
which indicate that the presence of glycerol reduces
the crystallinity of PVA/SPI blend. Through all these
results, it is concluded that the blend films from SPI

and PVA would be partially crystalline materials,
and the addition of glycerol can insert the crystalline
structure and regulate the microstructure of SPI/
PVA blends.
To understand the effect of glycerol on the blend

crystalline structure better, the XRD peaks for sam-
ples of P-30-0, P-30-1, P-30-2, P-30-3, and P-30-4 are
shown in Figure 4. The reason for only selecting
sample of P-30 with higher weight content of PVA is
that we can clearly investigate the changes of glyc-
erol addition on crystalline degrees for SPI/PVA
blends through strong XRD peak intensity. Accord-
ing to the above discussion, we know that the peaks
of XRD for SPI/PVA blends are in the range of 10�–
30�. Therefore, to explain the profound things in a
simple way, only XRD curves from 10� to 30� are
shown to contrast the peaks intensity. Comparing
the five XRD patterns, we can obviously achieve the
conclusion that the glycerol has destroyed the crys-
talline structure. Concretely, samples of P-30-0, P-30-
1, and P-30-2 have characteristic peak at 2y values of
around 22�. Especially, the P-30-0 has a higher crys-
talline degree without compatibility of glycerol.
With the increasing of glycerol addition from 1 to
2%, the XRD characteristic peak values at 2y for P-
30-1 and P-30-2 decreased distinctly. Meanwhile,
with the increasing of glycerol, the XRD characteris-
tic peak for P-30-3 and P-30-4 shift to 20�–21�, and
the XRD peaks are gentler. All these results confirm
that the glycerol inserts into the macromolecular

Figure 2 SEM morphologies of film samples, (a) P-0, (b) P-10, (c) P-10-1, and (d) P-10-3.
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blending structure and destroy the crystalline of
blends. Moreover, the addition of glycerol in SPI/
PVA blends will realize the expectation to compact
different components and increase the toughness
through decreasing the crystalline degree.

To investigate the glass transition behavior is
another effective approach to understand the com-
patibility of SPI and PVA. Although SPI materials
have been widely studied, literatures report no con-
sistent result about their Tg. For example, pure SPI
without any plasticizers presents a Tg value of about
150�C obtained by dynamic mechanical thermal
analysis (DMTA), whereas the Tg of SPI with 25 wt
% glycerol decreases to �50�C.32,33 More recently,
Chen and Zhang34 have investigated the glass transi-
tion behaviors and microstructures of SPI by using
differential scanning calorimetry (DSC) and small
angle X-ray scattering. Interestingly, their results
reveal that there are two glass transitions for the
SPI/glycerol system. All these researches imply that
the microstructure and glass transition of SPI plasti-
cized by glycerol are still uncertain owing to its
structural complexity.
Regardless of being an open question, Tg is still a

parameter need to be investigated for films fabrica-
tion and application in this study. To simplify the
complexity of Tg, P-5, P-10, P-15, and P-20 were ana-
lyzed to know the difference of their thermal behav-
iors. The Tg and melting temperature (Tm) thus
obtained are shown in Figure 5. Tg is observed to be
in the range of from 80 to 115.0�C, whereas Tm

Figure 4 X-ray patterns of the P-5-0, P-5-1, P-5-2, and P-
5-3. [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]

Figure 3 X-ray patterns of the pure PVA powder, pure SPI powder, P-10, P-20, and P-20-2 according the curves of a, b,
c, d, and e. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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between 130 and 160�C. Each sample has only one
Tg higher than that of pure PVA (110.7�C35) similar
with our previous study.23 Normally, the single Tg

for blend polymers in DSC curve will reflect the
good compatibility. These results agree very well
with the XRD analysis result discussed earlier. The
DSC analysis here indicates that blending process
has destroyed both SPI and PVA respective crystal-
line structures, and the coexistence of PVA may
have changed the aggregate structure of pure SPI.

As a kind of protein, SPI has a wide molecular
weight ranging from 8 to 600 kDa, which can be
fractionated into 2S, 7S, 11S, and 15S according to
their sedimentation coefficients. The amino acid
composition of 11S and 7S, representing about 70–
80% of SPI, determine the major properties of SPI.
As a heterogeneous macromolecule, SPI contains 18
kinds of amino acids that can be classified into non-
polar or polar.36 Originally, the nonpolar amino
acids (e.g., glycine, alanine, valine, leucine, isoleu-
cine, methionine, proline, phenylalanine, and trypto-
phan) constitute nearly 50% of amino acids of SPI.
The polar amino acids, ionic (e.g., lysine, histidine,
aspartic acid, and glutamic acid) and nonionic (e.g.,
serine, threonine, tyrosine, asparagine, glutamine,
and cysteine), constitute nearly 50% of the amino
acids. Therefore, about half of the SPI amino acids
could potentially interact with the functional
hydroxyl group of the PVA. These functional
hydroxyl groups will enhance melting energy and
then increase the Tm of blends.

FTIR analysis

The FTIR analysis of films was based on the identifi-
cation of bands related to functional groups present
in SPI and PVA. Figure 6 shows the FTIR spectra of
pure SPI powder. The absorption of 3294 cm�1 refers

to the hydrogen-bond association between protein
chains and moisture in protein. There is obvious
absorption of ANHA band in the range of 1636–1680
cm�1 and 1533–1559 cm�1. These bands accord with
the reported soy protein spectrum with an amide I
band at 1632 cm�1 and amide P band at 1536
cm�1.37 In these amino bands, the resulting
ANHACOA bond is called a peptide bond in pro-
tein forming primary backbone. The primary poly-
peptides are further folded into three-dimensional
complex protein body for forming secondary, terti-
ary, and quaternary structure. Therefore, the amino
bands can be composed of several overlapping com-
ponents because of various protein segments with
different secondary structures. The absorption band
at 1241–1472 cm�1 is attributable to the (C)OAO and
CAN stretching and NAH bending (amide III) vibra-
tions. The band at ca. 1060 cm�1 has been consid-
ered as the contribution from different groups such
as out-of-plane CAH bending (from aromatic struc-
ture) and PO2 or PAOH stretching from phosphate
esters. Figure 7 shows the FTIR spectra of pure PVA
powder. The basic structure of PVA molecular is the

Figure 6 FTIR spectra of pure SPI powder. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 5 DSC curves of P-5, P-10, P-15, and P-20.

Figure 7 FTIR spectra of pure PVA powder. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

3712 SU ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



AOH groups on carbon chains. At room tempera-
ture, the broad AOH absorption band is observed in
the wavenumber range of 2918–3565 cm�1.

The FTIR spectra of P-5, P-10, P-15, P-20, and P-25
are shown in Figure 8. As can be seen in spectra of
the blend films, most characteristic absorption bands
appear in proportion to the weight ratios of SPI and
PVA. The absorption bands at 1600–1400cm�1 and
1150–1250 cm�1 are attributable to ANHA, CAN
stretching, and NAH bending (amide III) vibrations,
respectively. A typical characterization of these spec-
tra is the disappearance of the strong hydrogen-
bond association appearing both in SPI and PVA
spectra, whereas a new absorption band at 2900–

3100 cm�1 appears. Normally, the absorption band
of 2918–3565 cm�1 accord to the lapped characteris-
tic band of AOH for moisture in SPI and PVA as
mentioned earlier. These band shifts suggest that
there may be a specific chemical interaction occur-
ring between SPI and PVA. The new band may be
referring to the hydrogen-bond association between
protein chains and PVA, which accords with the
above analyze by DSC.

Mechanical properties of films

In this study, the mechanical properties of SPI/PVA
films depend on the weight contents of PVA without

Figure 8 FTIR spectra of P-5, P-10, P-15, P-20, and P-25. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

TABLE I
Effect of PVA Content and Compatibilized by Glycerol on Mechanical Properties of SPI/PVA Films

Samples ry (MPa) rb (MPa) P.E.Y. (%) P.E.B. (%) Strength (MPa) E (MPa)

P-0-0 41.6 41.2 1.2 1.3 41.6 1227
P-10-0 32.9 28.6 2.4 70.0 34.2 1009
P-20-0 20.6 16.3 3.5 76.1 21.0 300
P-30-0 15.3 8.8 4.3 80.0 10.1 154
P-40-0 8.6 7.9 4.7 80.5 7.4 120
P-0-1 42.2 45.8 2.0 2.7 40.3 1124
P-10-1 43.0 49.2 2.5 20.8 45.8 924
P-20-1 14.3 30.2 4.0 66.1 50.2 250
P-30-1 17.2 16.9 4.5 110.2 52.1 150
P-40-1 9.8 10.5 5.0 125.0 55.1 106
P-0-2 44.8 50.7 2.0 15.4 46.3 1435
P-10-2 39.1 52.8 5.0 50.4 48.4 1112
P-20-2 25.7 18.5 7.1 125.7 55.8 560
P-30-2 19.2 10.9 15.0 139.2 58.5 462
P-40-2 12.8 8.5 50.1 159.0 61.7 321

ry is the stress at yield point, rb is the stress at break point, P.E.Y. is the percentage elongation at yield point, P.E.B. is
the percentage elongation at break point, E is Young’s modulus; P-0-0 means SPI/PVA (100/0) without glycerol, P-10-2
means SPI/PVA (100/10) compatibilized by glycerol (2 wt % SPI).
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considering its hydrolysis degrees. Concretely, data
of mechanical properties are shown in Table I. Yield
point (ry), break point (rb), percentage elongation at
yield point (P.E.Y.), percentage elongations at break
point (P.E.B.) were measured automatically and
Young’s modules (E) was calculated from the tensile
stress–strain plots by the computer software.

The following results can be concluded from these
data: (1) For SPI/PVA samples without glycerol, we
can find that both values of ry and rb decreased
with the increasing of PVA content from 41.6 to 8.6
Mpa and from 41.2 to 7.9 Mpa, respectively. (2)
Comparing to the above SPI/PVA samples without
glycerol, the values of ry and rb for each sample
compatibilized by glycerol have been improved. For
example, for P-10 and P-10-1, ry and rb have
increased from 32.9 to 43.0 Mpa and from 28.6 to
49.2 Mpa. (3) With the increasing of glycerol weight
(from 1.0 to 2.0 wt % of SPI) in films, both of ry and
rb are increased for each sample. (4) For each sam-
ple, data of P.E.Y. and P.E.B. are all enlarged after
adding glycerol. For example, P.E.Y. for P-10, P-10-1,
and P-10-2 are 2.4, 2.5, and 5.0 Mpa, and P.E.B. for
P-10, P-10-1, and P-10-2 are 70, 20.8, and 50.4 Mpa.
(5) Moreover, data of Young’s modules from P-0 to
P-40 have been decreased with the compatibility of
glycerol, which indicate that the blend becomes
softer with the plasticization of glycerol.

These enhanced mechanical properties can attrib-
ute to the long-chain PVA molecules, which contain
many AOH groups forming strong intra- and inter-
molecules interactions with protein molecules. These
interactions may include hydrogen-bonding, dipole–
dipole, and charge effects. In addition, blending long
molecules in SPI could bring about molecular entan-
glements, which in turn will improve the mechanical
properties of SPI. On the other hand, the strength,
toughness, and Young’s modulus values decreased
with decreasing crystallinity in SPI/PVA blend
polymer.

Thermal stability of films

In Figure 9, the thermogravimetric (TGA) curves of
SPI powder [Fig. 9(a)], PVA powder [Fig. 9(b)], and
SPI/PVA blends [Fig. 9(c)] are shown. As a nature
material, SPI has a lower decomposing temperature
at about 110�C. In the beginning 100�C, about 10%
weight had lost owing to the moisture. Commonly,
PVA decomposing temperature is in the range of
200–220�C. In this test, PVA powder has a decom-
posing temperature at about 220�C. Samples of P-5,
P-10, P-15, and P-20 decomposed at nearly same
temperature of 230�C. Accordingly, 15% moisture
weight lost in the temperature range of 0–150�C.
However, different decomposing ratios appear for

Figure 9 The thermogravimetric (TGA) curves of (a) SPI powder, (b) PVA powder, and (c) SPI/PVA samples of P-5, P-
10, P-15, and P-20. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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these samples during the losing-weight process from
60 to 20 wt %. Obviously, P-5 has the maximal slope
of weight-temperature line in this part. With the
increasing of content of PVA in SPI/PVA blends, the
values of slope of weight-temperature line were
reduced. We can conclude from these curves
straightway that blend films have higher thermal
stability than pure SPI powder. In addition, the TGA
curves of P-5, P-10, P-15, and P-20 have a decompos-
ing temperature at about 230�C higher than both of
SPI and PVA. A beginning temperature may be
250�C, following various decomposing ratios with
different PVA contents in films. With the increasing
weight ratios of PVA, the decomposing speeds
decreased attributing the higher thermal stability.

Testing solubility in water is another method to
detect the thermal stability for soluble films. PVA is
water-soluble and SPI is water-sensitive, which
results in the water-sensitivity of their blends. There-
fore, any measures for reducing water-sensitivity of
the blend films is very meaningful for the applica-
tions of these films. Moreover, as a ‘‘green’’ poly-
meric material, SPI/PVA needs a relatively good
stability in water for a relative longer service time in
application. Originally, the water solubility of poly-

mers is determined by their molecular structures
including crystallinity or crosslinkage. Therefore,
structure and thermal stability information may be
achieved through the dissolution tests. The solubility
data of the films in water at various temperatures
are shown in Figure 10. Compared the residual
weight of P-0 and P-10, following results can be
achieved from these data: (1) dissolution speed was
accelerated with the increasing of temperature for
each sample, (2) pure SPI film entirely dissolved in
180 s and P-10 has a lower dissolution speed than P-
0, (3) interestingly, for P-10 under the condition of
100�C in water at time of 180 s, there is still about
20% residual weight in solid state. Normally, 10%
PVA in P-10 nearly did not lost in just 180 s in at
100�C. Therefore, the other 10% residual weight only
was SPI material. Based the above analyses, we
know that the SPI and PVA certainly formed some-
what internal structure. The stronger interactions
between SPI and PVA resist the water molecular
permeating through films.

CONCLUSIONS

A variety of SPI/PVA blend films were successfully
prepared by a solution-casting method. Properties of
compatibility, mechanical properties, and thermal
stability were analyzed using measures of tension
test, SEM, XRD, FTIR, DSC, and TGA. These films
are smooth with rolling condition and good trans-
parence. Mechanical properties indicate that SPI/
PVA films have high tensile strength (rb) and per-
centage elongation at break point (P.E.B.) than pure
SPI films. Young’s modules has been decreased with
the compatibility of glycerol, which implies that the
blend becomes soft with the plasticization of glycerol.
XRD and DSC tests show that the SPI/PVA films
have good compatibility, and the presence of glycerol
has reduced the crystallinity of PVA/SPI blends.

The authors gratefully acknowledge the help of Harbin
High-Tech Soybean Food Co., Ltd.
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