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ABSTRACT: We report on the physical properties of
films synthesized with native corn starch (NCS) and resist-
ant starch (RS4) prepared with NCS. NCS and RS4/poly(-
vinyl alcohol) (PVA) blend films were synthesized with a
mixing process and casting method. Glycerol (GL) and cit-
ric acid (CA) were used as additives. Glutaraldehyde
(GLU) was used as a crosslinking agent of the films. RS4
was synthesized with sodium trimetaphosphate and so-
dium tripolyphosphate as a crosslinker. Then, the RS4 thus
synthesized was confirmed by the pancreatin–gravimetry
method, swelling power, differential scanning calorimetry,
and X-ray diffraction. The tensile strength, elongation,
swelling behavior, and solubility of the films were meas-

ured. The results of the measurements indicated that the
RS4-added film was better than the NCS-added film. In
particular, the RS4/PVA blend film with CA as an addi-
tive showed physical properties superior to those of the
other films. Also, the physical properties with GLU added
as a crosslinking agent to the films were investigated. With
increasing GLU contents, the tensile strength increased but
the elongation, swelling behavior, and solubility values of
the GL-added and CA-added films decreased. � 2007
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INTRODUCTION

Recently, with increasing concern about the environ-
mental pollution resulting from nondegradable plas-
tic materials, much research to develop environmen-
tally friendly biodegradable plastic materials as
replacements for synthetic polymeric materials has
been carried out. The development of environmen-
tally friendly polymeric materials can be divided
into two categories on the basis of their raw materi-
als: degradable synthetic polymers and renewable
natural polymers. Among these, starch, a biodegrad-
able natural polymer that exists abundantly in na-
ture, is very cheap and is mainly composed of two
homopolymers of D-glucose, amylose and amylopec-
tin. Amylose is almost a linear polymer with a-D-(1/
4) glycosidic linkages, whereas amylopectin is a
highly branched polymer that also contains a-D-(1/6)
glycosidic linkages at the branching points in addi-
tion to a-D-(1/4) glycosidic linkages.1,2 The molecu-
lar weights of amylose and amylopectin have been
estimated to be � 105 and � 107, respectively.3

Biodegradable starch-based plastics such as starch/
cellulose and starch/poly(vinyl alcohol) (PVA) have

recently been investigated for their great potential
marketability in agricultural foils, garbage and com-
posting bags, and food packaging, in the fast food
industry, and in biomedical fields.4–7

PVA is a versatile polymer with many industrial
applications, and it may be the only synthesized poly-
mer whose backbone is mainly composed of C��C
bonds that is absolutely biodegradable.8 PVA is the
most readily biodegradable of vinyl polymers. It is
readily degraded in wastewater-activated sludge. The
microbial degradation of PVA has been studied, as
well as its enzymatic degradation by secondary alco-
hol peroxidases isolated from soil bacteria of the Pseu-
domonas strain.9–11 The initial biodegradation step
involves the enzymatic oxidation of the secondary
alcohol groups in PVA to ketone groups. Hydrolysis
of the ketone groups results in chain cleavage. Other
bacterial strains, such as Flavobacterium and Acinetio-
bacter,12 are also effective in degrading PVA.

In most studies, films have been synthesized from
corn starch,13,14 wheat starch,15,16 rice starch,17 potato
starch,18 and cassava starch19,20 and the investigations
of their mechanical properties have revealed that the
amylose content of starch affects the properties of the
films. Starch-based films have an effect on the physi-
cal properties because of the linear structure of amy-
lose and the branch structure of amylopectin of
starch. In particular, these films are soluble in water
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because of the branch structure of amylopectin. Thus,
many studies are being conducted on starch-based
films based on chemically modified starch.21

In this work, films were synthesized with resistant
starch (RS4) and native corn starch (NCS), and their
physical properties were investigated. The films
were prepared by a casting method.

Starch/PVA blend films synthesized with glycerol
(GL) and citric acid (CA) as additives and glutaralde-
hyde (GLU) as a crosslinking agent were investigated
for their mechanical properties (tensile strength and
elongation) along with the relative humidity, swelling
behavior, and solubility.

EXPERIMENTAL

Materials

Starch (NCS) was obtained from Doosan Corn Prod-
ucts Korea, Inc. (Gangnam, Seoul, Korea). PVA, rea-
gent-grade GL, CA, sodium trimetaphosphate (STMP),
sodium tripolyphosphate (STPP), and sodium sulfate
were purchased from Aldrich Chemical Co., Inc. (Mil-
waukee, WI). GLU was purchased from Yakuri Pure
Chemicals Co., Ltd. (Kyoto, Japan). PVA was 99%
hydrolyzed with a weight-average molecular weight of
89,000–98,000. The water used to prepare the starch/
PVA blend films was redistilled after deionization.

Preparation and determination of RS4

Crosslinked RS4 was prepared with the methods of
Seib and coworkers.22,23 NCS (50 g, dry basis), distilled
water (70 mL), and sodium sulfate (5.0 g, 10%, starch
basis) were placed in a beaker and stirred for 30 min,
and then STMP (5.99 g, 11.98%, starch basis) and STPP
(0.01 g, 0.02%, starch basis) were added with stirring
for 30 min. The mixture was adjusted to pH 11.5 by
the addition of a 1.0M sodium hydroxide solution. The
slurry was stirred continuously, warmed to 458C, and
reacted at 458C over 3 h. After the reaction period, the
slurry was adjusted to pH 6.5 by the addition of 1.0M
hydrochloric acid, and the starch was collected by cen-
trifugation, washed with water (five times), dried at
408C (oven), and passed through a 100-mesh sieve.

Synthesized RS4 was measured by the pancreatin–
gravimetry method, swelling power, differential
scanning calorimetry (DSC; DSC-50, Shimazu, Kyoto,
Japan), and X-ray diffraction (XRD; D/MAX Uitima
III, Rigaku, Tokyo, Japan).23

Starch/PVA blend film preparation

Films were obtained with the casting method.24 First,
a PVA solution was prepared through the dissolu-
tion of PVA in hot water (988C). NCS, RS4, and
additives (GL and CA) were mixed together with
water with a Kitchen Aid mixer (Anymix, Hyun-

woostar, Seoul, Korea) for 10 min. The formulations
contained 10, 20, 30, 40, or 50 wt % GL and CA
(starch and PVA weight bases). GLU as a crosslink-
ing agent was added in concentrations of 0.045, 0.09,
0.19, 0.375, and 0.75 wt % (starch and PVA weight
bases). The PVA solution and mixed NCS or RS4/
additives were kept at 988C for 10 min. Then, the
mixture was blended to form a homogeneous gel-
like solution with a mechanical stirrer (1500 rpm) at
room temperature for 50 min. The total polymer
amount was 100 g. NCS, RS4, and PVA had the
same mass ratio, and the content of the additives
was expressed as the mass percentage ratio of addi-
tives to the total NCS, RS4, and PVA weight. Bub-
bles, the byproduct of the preparation, were re-
moved with an aspirator. The mixing composition is
shown in Table I. The gel-like solution thus prepared
was poured into a prewarmed (758C) Teflon mold
(200 3 200 3 2 mm3). Water evaporated from the
molds in a ventilated oven at 508C for 12 h. The
dried films were put in open polyethylene bags and
stored at 258C and at 52% relative humidity for 1
week before the measurements were performed.

Mechanical properties of the films

The tensile strength and elongation were evaluated
for each film with an Instron 6012 testing machine.
Five dumbbell shaped specimens (ASTM D 412)
were cut from each film. Each specimen had a width
of 12 mm. The average specimen thickness was about
0.2 mm. The thickness of the films was measured
with a mechanical scanner (digital thickness gauge,
Mitutoyo, Tokyo, Japan) at 15 random positions
around the film. The mean standard deviation within
the film was about 5% of the average thickness. The
gauge length and grip distance were both 50.0 mm.
The crosshead speed was 20 mm/min, and the load
cell was 250 kgf.

The tensile strength and elongation of each film
were evaluated after storage at different relative
humidities for 7 days. Constant relative humidities
were obtained with saturated salt solutions of
Na2SO4 (� 93% relative humidity), Ca(NO3)2�4H2O
(� 51% relative humidity), CaCl2 (� 33% relative hu-
midity), and LiCl (� 15% relative humidity). The
films were stored in desiccator chambers over the
salt solutions at 258C. The tests were carried out at
258C and 54% relative humidity in a constant-tem-
perature and -humidity room.

Swelling behavior and solubility of the films

Dried starch/PVA blend films were immersed in
distilled water at room temperature (258C). After the
equilibrium was reached (24 h), moisture on the sur-
face of the films was removed, and the weight of the
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films was measured. The swelling behavior in the
starch/PVA blend films was calculated as follows:

Swelling behavior ¼ ðWe �W0Þ=W0 (1)

where We is the weight of the starch/PVA blend
film at the adsorbing equilibrium and W0 is the first
dry weight of the starch/PVA blend film.

The swollen starch/PVA blend films were dried
again for 24 h at 608C. Their solubility was calcu-
lated with the following equation:

Solubility ¼ ðW0 �WdÞ=W0 (2)

where Wd is the dry weight of the swollen starch/
PVA blend film.

RESULTS AND DISCUSSION

Determination of RS4

RS4 was synthesized, and the characterization of the
resistant starch (RS) level was verified with the pan-
creatin–gravimetry method, swelling power, DSC,
and XRD, as reported by Mun and Shin.23

The RS level of chemically modified corn starch
was about 12% when measured by the pancreatin–
gravimetry method.

The crosslinkage was molded by covalent bonds
between starch molecules. The structure of RS4
includes structures of modified starches obtained by
chemical treatments such as distarch phosphate ester
(Fig. 1).25

Figure 2 shows the results of the XRD analysis of
NCS and RS4. NCS and RS4 exhibited peaks at 2y

TABLE I
Compositions of the NCS and RS4/PVA Blend Films

Sample NCS (%) RS4 (%) PVA (%) GL (wt %) CA (wt %) GLU (wt %)

NCSP 5 — 5 — — —
RS4P — 5 5 — — —
NCSPGL10 5 — 5 10 — —
NCSPGL20 5 — 5 20 — —
NCSPGL30 5 — 5 30 — —
NCSPGL40 5 — 5 40 — —
NCSPGL50 5 — 5 50 — —
RS4PGL10 — 5 5 10 — —
RS4PGL20 — 5 5 20 — —
RS4PGL30 — 5 5 30 — —
RS4PGL40 — 5 5 40 — —
RS4PGL50 — 5 5 50 — —
NCSPCA10 5 — 5 — 10 —
NCSPCA20 5 — 5 — 20 —
NCSPCA30 5 — 5 — 30 —
NCSPCA40 5 — 5 — 40 —
NCSPCA50 5 — 5 — 50 —
RS4PCA10 — 5 5 — 10 —
RS4PCA20 — 5 5 — 20 —
RS4PCA30 — 5 5 — 30 —
RS4PCA40 — 5 5 — 40 —
RS4PCA50 — 5 5 — 50 —
NCSPGL40G 5 — 5 40 — 0.045–0.75
RS4PGL40G — 5 5 40 — 0.045–0.75
NCSPCA40G 5 — 5 — 40 0.045–0.75
RS4PCA40G — 5 5 — 40 0.045–0.75

The total amount of the polymer was 100 g, and water was added to a concentration
of 90% with respect to the total polymer.

Figure 1 Synthesis of crossbonded starch (RS4).
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values of 15, 17, 20, and 238 because only crosslink-
age occurred without a change in the starch struc-
ture.26

Figure 3 presents the results for the swelling
power of NCS and RS4. As the temperature increased
from 25 to 958C, the swelling power of NCS
increased faster than that of RS4 and NCS.

The gelatinization properties of NCS and RS4
were analyzed with the method of Donovan.27 Fig-
ure 4 shows the DSC curves of NCS and RS4. From
the results, we determined the onset gelatinization

temperature, peak temperature, and conclusion tem-
perature. All samples had one endothermic curve.
The onset temperature, peak temperature, and con-
clusion temperature of NCS were 49.6, 63.8, and
76.48C, respectively. Also, those of RS4 were 96.9,
114.2, and 127.38C, respectively. The gelatinization
temperature of RS4 was about twice as high as that
of NCS. This result agreed with previous results
reported by Mun and Shin.23

Mechanical properties of the films

Films were prepared with the method developed in
our previous work.24

Figures 5 and 6 show the effects of the tensile
strength and elongation with the relative humidity
on films containing NCS or RS4 in which GL and
CA were used as additives.

The tensile strength of the films decreased because
the relative humidity increased when a plasticizer
was added to the polymers.

Figure 5(a,b) shows that there was a large decrease
in the tensile strength in all the films tested as the
storage relative humidity increased from 15 to 33%.
In particular, for films with additives, the tensile
strength was exponentially changed. There was a
large decrease in the tensile strength between 15 and
33% relative humidity, probably because water was
absorbed by GL and CA as additives through solu-
bility. The tensile strength change was smaller in
films with NCS rather than RS4.

Figure 6(a,b) shows the change in the elongation
with the relative humidity. The elongation of the
films increased as the relative humidity increased in

Figure 2 X-ray diffractograms of NCS and RS4. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Figure 3 DSC thermograms of glutinous NCS and RS4.
T0, Tp, and Tc are the onset, peak, and conclusion gelatini-
zation temperatures, respectively. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 4 Swelling power of NCS and RS4.
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the tested films. Starch is hygroscopic and will gain
or lose water to achieve an equilibrium with the am-
bient air. Water is also a plasticizer for starches.
When starch-based films are placed in different rela-
tive humidities, the films will either lose or gain
water to be in equilibrium with the air in the humid-
ity chamber. Because water is a plasticizer, changing
the water content in the film will change the proper-
ties of the film. Increasing the plasticizer levels in

the synthetic plastic has been shown to increase
elongation. This is consistent with other work done
with starch-based films and is consistent with sys-
tems in which the plasticizer is increasing.

The slopes of the regression lines for films using
RS4 seemed parallel to one another and different
from those of the other films tested. The slopes
for RS4P, RS4PGL30, and RS4PCA30 were 0.5887,
2.0528, and 2.4157, respectively, whereas the slopes

Figure 5 Tensile strength of starch/PVA blend films stored for 7 days at different relative humidities: (a) NCS/PVA
blend films with or without additives and (b) RS4/PVA blend films with or without additives.

Figure 6 Elongation of starch/PVA blend films stored for 7 days at different relative humidities: (a) NCS/PVA blend
films with or without additives and (b) RS4/PVA blend films with or without additives.
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for films using NCS were higher. The slopes for
NCSP, NCSPGL30, and NCSPCA30 were 0.6427,
2.1901, and 2.9209, respectively. Ideally, films with
good properties should not change with the humid-
ity or should change very little.

Figure 7(a,b) presents the result of the tensile
strength and elongation for films using NCS and
RS4 to which GL and CA were added with increas-

ing contents of 10, 20, 30, 40, and 50 wt % (starch
and PVA weight bases). As the weight percentage of
GL and CA increased from 10 to 50 wt %, the tensile
strength decreased, whereas the elongation increased.
We observed that the tensile strength and elongation
of the CA-added films were higher than those of the
plasticizer using GL. Films using RS4 had higher val-
ues than films using NCS.

Figure 7 Tensile strength and elongation of NCS and RS4/PVA blend films stored at 258C and 52% relative humidity for
7 days: (a) NCS and RS4/PVA blend films with GL added and (b) NCS and RS4/PVA blend films with CA added.

Figure 8 (a) Swelling behavior and (b) solubility of NCS and RS4/PVA blend films with or without additives versus
time.
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Swelling behavior and solubility of the starch/PVA
blend films

The swelling behavior and solubility of the films
that used NCS or RS4 and PVA with or without
additives are shown in Figure 8(a,b). In conformity
with the time, the swelling behavior and solubility
increased and equilibrated over 20 h.

In Figure 8(a), except for the film using NCS to
which GL was added as an additive, the swelling
behavior of the films using NCS was higher than
that of the films using RS4. The swelling behavior of
the NCS-based film that used GL as an additive was
the lowest because the functional group capable of
hydrogen bonding was weaker than that of the CA-
added film. As shown in Figure 8(b), the film using

Figure 9 Swelling behavior and solubility of NCS and RS4/PVA blend films: (a) NCS and RS4/PVA blend films with GL
added and (b) NCS and RS4/PVA blend films with CA added.

Figure 10 (a) Tensile strength and (b) elongation of NSPGL40, NSPCA40, RS4PGL40, and RS4PCA40 films with GLU
added as a crosslinking agent. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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NCS to which GL was added had the highest solu-
bility value. However, the swelling behavior of the
film using RS4 to which GL was added was lower
than that of the film using NCS to which GL was
added because hydrogen bonding of the hydroxyl
group in GL with RS4 and PVA easily occurred on
account of crosslinkage between starch molecules. In
Figure 9(a,b), with an increase in the contents of GL
and CA as additives, the swelling behavior of the
films using NCS and RS4 decreased slightly, and the
solubility increased.

The GL-added film using NCS showed a low
swelling behavior value, but it had a high solubility
value. The degree of combination related to hydro-
gen bonding for the GL-added film was weaker than
that for the CA-added film. In Figure 9, we can
observe that the films using RS4 with GL and CA
added had lower values than the films using NCS
with GL and CA added.

Effect of the crosslinking agent

Figures 10 and 11 show the tensile strength, elonga-
tion, swelling behavior, and solubility of starch/PVA
blend films with GLU added as a crosslinking agent.

In this work, the mechanical properties due to the
addition of GLU to NCSPGL40, NCSPCA40,
RS4PGL40, and RS4PCA40 were investigated.

Figure 10(a,b) shows the tensile strength and elon-
gation of films with increasing contents of GLU
added. As the concentration of GLU increased from

0.045 to 0.75 wt %, the tensile strength increased,
whereas the elongation decreased. It was verified
that a sudden change in the tensile strength and
elongation happened in the GLU-added NCSPCA40
and RS4PCA40 films. This phenomenon took place
because of the superior reactivity of CA and GLU.

Figure 11(a,b) shows the swelling behavior and
solubility values of films with GLU added. With
increasing GLU contents, the swelling behavior and
solubility values of the NCSPGL40, NCSPCA40,
RS4PGL40, and RS4PCA40 films decreased. In partic-
ular, films using RS4 with CA as an additive and
GLU as a crosslinking agent showed physical prop-
erties superior to those of other films.

CONCLUSIONS

NCS and RS4/PVA blend films were synthesized
with a mixing process and casting method. The
results for the tensile strength, elongation, swelling
behavior, and solubility of the synthesized films
using RS4 with GL and CA as additives demon-
strated that the films gained superior physical prop-
erties because amylopectin, which has a branch
structure for NCS, was crosslinked by STMP. As a
result, the RS4, PVA, and additives were combined
easily.

To verify the effect of the crosslinkage of starch/
PVA blend films, films were prepared with GLU as
a crosslinking agent. With an increasing concentra-
tion of GLU as a crosslinking agent, we confirmed

Figure 11 (a) Swelling behavior and (b) solubility of NSPGL40, NSPCA40, RS4PGL40 and RS4PCA40 films with GLU
added as a crosslinking agent. [Color figure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]
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that the swelling behavior and solubility values
decreased for the starch/PVA blend films. In partic-
ular, the RS4/PVA blend film with CA as an addi-
tive showed the effect of crosslinkage superior to
that of other films.

References

1. Karim, A. A.; Norziah, M. H.; Seow, C. C. Food Chem 2000,
71, 36.

2. Yoon, S. D.; Chough, S. H.; Park, H. R. J Appl Polym Sci 2006,
100, 3733.

3. Roger, P.; Bello-Perez, L. A.; Colonna, P. Polym 1999, 40, 6897.
4. Funke, U.; Bergthaller, W.; Lindhauer, M. G. Polym Degrad

Stab 1998, 59, 293.
5. Lourdin, D.; Valle, G. D.; Colonna, P. Carbohydr Polym 1995,

27, 261.
6. van Soest, J. J. G.; Benes, K.; De Wit, D. Polymer 1996, 37,

3543.
7. Briassoulis, D. J Polym Environ 2004, 12, 65.
8. Lenz, R. W. Adv Polym Sci 1993, 107, 1.
9. Suzuki, T. J Polym Sci Polym Symp 1979, 35, 431.
10. Watanabe, Y.; Morita, M.; Hamade, N.; Tsujisake, Y. Agric Biol

Chem 1975, 39, 2447.

11. Morita, M.; Watanabe, Y. Agric Biol Chem 1977, 41, 1535.
12. Watanabe, Y.; Hamada, N.; Morita, M.; Tsuisake, J. Arch Bio-

chem Biophys 1976, 174, 575.
13. Zhai, M.; Yoshii, F.; Kume, T. Carbohydr Polym 2003, 52, 311.
14. Yin, Y.; Li, J.; Liu, Y.; Li, Z. J Appl Polym Sci 2005, 96, 1394.
15. Liu, Z.; Feng, Y.; Yi, X. J Appl Polym Sci 1999, 74, 2667.
16. Laohakunjit, N.; Noomhorm, A. Starch 2004, 56, 348.
17. Follain, N.; Joly, C.; Dole, P.; Bliard, C. Carbohydr Polym 2005,

60, 185.
18. Arvanitoyannis, I.; Nakayama, A.; Aiba, S. Carbohydr Polym

1998, 36, 105.
19. Parra, D. F.; Tadim, C. C.; Ponce, P.; Lugão, A. B. Carbohydr

Polym 2004, 58, 475.
20. Mali, S.; Sakanaka, L. S.; Yamsahita, F.; Grossmann, M. V. E.

Carbohydr Polym 2005, 60, 283.
21. Ojeda, F. E. O.; Larsson, H.; Eliasson, A. C. Carbohydr Polym

2005, 59, 313.
22. Shin, M.; Song, J. Y.; Seib, P. A. Starch 2004, 56, 478.
23. Mun, S. H.; Shin, M. S. Food Chem 2006, 96, 115.
24. Yoon, S. D.; Chough, S. H.; Park, H. R. J Appl Polym Sci 2006,

100, 2554.
25. Sajilata, M. G.; Singhal, R. S.; Kulkarni, P. R. Compr Rev Food

Sci Food Saf 2006, 5, 1.
26. Keren, S.; Hazazelet, B.-P.; Eyal, S. Carbohydr Polym 2003, 54,

363.
27. Donovan, J. W. Biopolymers 1979, 18, 263.

RESISTANT STARCH/PVA BLEND FILMS 2493

Journal of Applied Polymer Science DOI 10.1002/app


