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ABSTRACT: Starch/polyvinyl alcohol (PVA) blend films
were prepared by using corn starch, polyvinyl alcohol
(PVA), glycerol (GL), and citric acid (CA) as additives and
glutaraldehyde (GLU) as crosslinking agent for the mixing
process. The additives, drying temperature, and the influ-
ence of crosslinker of films on the properties of the films
were investigated. The mechanical properties, tensile
strength (TS), elongation at break (% E), degree of swelling
(DS), and solubility (S) of starch/PVA blend film were ex-
amined adding GL and CA as additives. At all measurement
results, except for DS, the film adding CA was better than
GL because hydrogen bonding at the presence of CA with
hydroxyl group and carboxyl group increased the inter/

intramolecular interaction between starch, PVA, and addi-
tives. CA improves the properties of starch/PVA blend film
compared with GL. TS, % E, DS, and S of film adding GLU
as crosslinking agent were examined. With increasing GLU
contents, TS increases but % E, DS, and S value of GL-added
and CA-added films decrease. When the film was dried at
low temperature, the physical properties of the films were
clearly improved because the hydrogen bonding was acti-
vated at low temperature. © 2006 Wiley Periodicals, Inc. J Appl
Polym Sci 100: 2554–2560, 2006
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INTRODUCTION

Plastics made from petroleum have been widely used
throughout the world. With increased applications,
the disposal of waste plastics has become a serious
problem. Therefore, development of novel plastics
that could be degraded by microorganisms in soil and
seawater has recently been attracting much attention.
Starch is renewable and biodegradable;1 since the
1970s, starch was incorporated into synthesized poly-
mer matrix, and in the past decades, several efforts
have been made to convert starch into a thermoplastic
material.2–9

The research showed that after starch was filled in
or blended with synthesized polymer, the synthetic
fraction from the oil source has no susceptibility to
biodegradation.10–12

So, the most recent research has focused on pure
starch-based materials and starch/degradable poly-
mer blend materials such as starch/cellulose and
starch/polyvinyl alcohol (PVA).13,14 Starch-based
blends have enormous potential for biomedical and
environmental fields because they are biodegradable

and inexpensive and are an almost unfailing source of
raw material.15,16

Starch is a well-known polymer, naturally produced
by plants in the form of granules (mainly from pota-
toes, corn, and rice). Starch granules vary from plant
to plant, but they are in general composed of a linear
polymer, amylose (in most cases up to about 20 wt %
of the granule), and a branched polymer, amylopec-
tin.17–19

The influence of starch sources, starch components,
starch molecular mass, and plasticizer, such as water
and polyols, has been studied to improve the mechan-
ical properties of starch plastics. However, poor me-
chanical properties are still one of the major unre-
solved problems. Although their tensile strength may
be rather high (30–60 MPa), these materials are fragile
with low elongation at break and poor in water resis-
tance. After absorbing water, they are too weak to be
used.20–22

Citric acid (CA) used as additive at this work ap-
pears in a natural way in foods like citrus fruits and
pineapples where it is the main organic acid. CA is
utilized as multi-functional food additive in the pro-
cesses of producing different foods because it presents
antibacterial and acidulant effect, reinforces the anti-
oxidant action of other substances, and improves the
flavors of juices, soft drinks, and syrups.

Correspondence to: H.-R. Park (hyrpark@empal.com).

Journal of Applied Polymer Science, Vol. 100, 2554–2560 (2006)
© 2006 Wiley Periodicals, Inc.



The aim of this study was to make biodegrable films
based on corn starch, polyvinyl alcohol (PVA), blends
of GL, and CA as additives, and GLU as a crosslinking
agent, to determine the mechanical properties, DS,
and S of these films.

EXPERIMENTAL

Materials

Starch (cornstarch) was obtained from Doosan Corn
Products Korea, Inc.(Korea). Polyvinyl alcohol (PVA),
reagent grade glycerol (GL), and citric acid (CA) were
purchased from Aldrich Chemical Company, Inc.
(Milwaukee, WI). Glutaraldehyde (GLU) was pur-
chased from Yakuri Pure Chemicals Co., Ltd (Kyoto,
Japan). PVA was 99% hydrolyzed with an average
molecular weight of 89,000–98,000. The water used to
prepare starch/PVA blend films was redistilled after
deionization.

Preparation of starch/PVA blend films

Starch/PVA blend films were prepared using a cast-
ing method. At first, PVA solution was prepared by
dissolving PVA in hot water (90°C). Starch and addi-
tives (GL and CA) were mixed directly together with
water using a Kitchenaid mixer for 10 min. Formula-
tions contained 10, 20, 30, 40, and 50% GL and CA
(starch/PVA weight bases). GLU was added 0.045,
0.09, 0.19, 0.375, and 0.75% (starch/PVA weight
bases). PVA solution and mixed starch/additives
were mixed at 90°C for 6 min. Then, the mixture was
blended to form homogeneous gel-like solution with a
mechanical stirrer (1000 rpm) at room temperature for
50 min. The total polymer amount was 100 g. Starch
and PVA had the same mass ratio, and the content of
additives was expressed as mass percent ratio of ad-
ditives to total starch and PVA, respectively. The mix-
ing composition is shown in Table I. Bubbles, the
by-product of preparation, were removed by using an
aspirator. The gel-like solution thus prepared was
poured on a prewarmed (75°C) teflon mold (200 � 200
� 1 mm3). Water was evaporated from the molds in a
ventilated oven at 50°C for 12 h and in cold lab cham-
ber at 5°C for 72 h. Dried films were put in open
polyethylene bags and stored at 25°C and at RH 50%
for one week before they were measured.

Mechanical properties of starch/PVA blend films

Tensile strength (TS) and elongation (% E) were eval-
uated for each film using an Instron 6012 testing ma-
chine. Three dumbbell-shaped specimens (ASTM D
412) were cut from each film. Specimens had a width
of 12 mm. Each piece was measured for thickness in
three places along the test length, using a Mitutoyo

(Japan). The specimens average thickness was about
0.15 mm. The gauge length and grip distance were
both 59.0 mm. Crosshead speed was 20 mm/min and
load cell was 25 kgf. The tests were carried out at 25°C
and 50% RH in a constant temperature and humidity
room.

Degree of swelling and solubility of starch/PVA
blend films

Dried starch/PVA blend films were immersed in dis-
tilled water at room temperature (25°C). After the
equilibrium (24 h), moisture on the surface of the film
was removed, and the weight of the films was mea-
sured. The degree of swelling (DS) in starch/PVA
blend film was calculated as:1

DS � �We � W0�/W0 (1)

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

The swelled starch/PVA blend films were dried
again for 24 h at 60°C, and its solubility (S) was cal-
culated by the following eq. (2):

S � �W0 � Wd�/W0 (2)

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

TABLE I
Composition of Starch/PVA Blend Films

Sample name
Starch

(%)
PVA
(%)

GL
(wt %)

CA
(wt %)

GLU
(wt %)

SP 5 5 — — —
SPGL10 5 5 10 — —
SPGL20 5 5 20 — —
SPGL30 5 5 30 — —
SPGL40 5 5 40 — —
SPGL50 5 5 50 — —
SPCA10 5 5 — 10 —
SPCA20 5 5 — 20 —
SPCA30 5 5 — 30 —
SPCA40 5 5 — 40 —
SPCA50 5 5 — 50 —
SPGL40GLU1 5 5 40 — 0.045
SPGL40GLU2 5 5 40 — 0.09
SPGL40GLU3 5 5 40 — 0.19
SPGL40GLU4 5 5 40 — 0.375
SPGL40GLU5 5 5 40 — 0.75
SPCA40GLU1 5 5 — 40 0.045
SPCA40GLU2 5 5 — 40 0.09
SPCA40GLU3 5 5 — 40 0.19
SPCA40GLU4 5 5 — 40 0.375
SPCA40GLU5 5 5 — 40 0.75

The total polymer amount was 100 g and water is added
to 90% of total polymer.
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RESULTS AND DISCUSSION

Mechanical properties of starch/PVA blend films

Figures 1(a) and 1(b) show TS and % E of film using
starch and PVA without additives, GL-added, and
CA-added film. Starch and PVA contents are the same
amount (wt %) containing about 5% total polymer. In
SP film, TS and % E were equilibrated over 40 min,
and the equilibrium of TS and % E were 20.12 MPa
and 36.98%. Also, in SPGL40 and SPCA40 films, TS
and % E were equilibrated at 40 min. By this result,

starch/PVA blend films added GL and CA were pre-
pared by mixing process.

Figures 2 and 3 present the result of TS and % E on
films, to which GL and CA are added with increasing
contents of 10, 20, 30, 40, and 50 wt %. As the wt % of
GL and CA increased from 10 to 50 wt %, TS de-
creased while % E increased. And we observed that TS
and % E of films with the addition of CA was higher
than the plasticizer using GL.

Structurally, GL has 3 hydroxyl groups and CA has
1 hydroxyl group and 3 carboxyl groups.

Figure 1 Tensile strength (TS) and elongation(% E) of starch/PVA blend film versus mixing time. (a) Tensile strength (TS)
of starch/PVA film without additives, GL-added film, and CA-added film and (b) Elongation (% E) of starch/PVA blend film
without additives, GL-added film, and CA-added film.

Figure 2 Tensile strength (TS) of starch/PVA blend films
adding glycerol (GL) and citric acid (CA) as additives.

Figure 3 Elongation (% E) of starch/PVA blend films add-
ing glycerol (GL) and citric acid (CA) as additives.
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As shown in Figures 2 and 3, we observed that the
starch/PVA blend film-added CA composed of 1 hy-
droxyl group, and 3 carboxyl groups showed the best
performance in TS and % E.

These films are synthesized by hydrogen bonding
between starch, PVA, and additives. We found that
CA with hydroxyl group and carboxyl group is stron-
ger than GL with only hydroxyl group in hydrogen
bonding between starch PVA and additive molecules.

Figures 4(a) and 4(b) show the results of TS and
% E drying starch/PVA blend film at 50°C
and 5°C.

Compared with starch/PVA blend film to which
additive of the same amount was added, the results
were high TS and % E of drying film at 5°C (Fig. 4). TS
and % E of the film dried at 5°C were better than those
dried at 50°C because hydrogen bonding was acti-
vated at low temperature.

Figure 4 Tensile strength (TS) and elongation (% E) of drying starch/PVA blend films at 50 and 5°C. (a) Tensile strength (TS)
of drying starch/PVA blend films at 50 and 5°C and (b) Elongation (%) of drying starch/PVA blend films at 50 and 5°C, where
SP�, SPGL40�, and SPCA40� are films dried at 5°C.

Figure 5 Degree of swelling (DS) and solubility (S) of starch/PVA blend film versus mixing time. (a) Degree of swelling (DS)
of starch/PVA blend film adding with/without additive and (b) Solubility (S) of starch/PVA blend film adding with/without
additive.
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Degree of swelling and solubility of starch/PVA
blend films

DS and S of the film that used starch and PVA without
additives, GL-added, and CA-added films are shown
in Figures 6(a) and 6(b).

In conformity with the mixing time, DS was de-
creased rapidly and equilibrated over 40 min. This
phenomenon took place because free volume was de-
creased in combination with the hydrogen bonding
between starch, PVA, and additives.

Also, the mean film was not formed until the mixing
time of 20–40 min was reached. When the film is
mixed over 40 min, equilibrium DS value of SP,
SPGL40, and SPCA40 are 2.4, 1.09, and 1.98, and equi-
librium S value of SP, SPGL40, and SPCA40 are 0.19,
0.537, and 0.35, respectively.

In Figure 6, with the increase in the content of GL
and CA as additives, DS of starch/PVA blend films
decreased slightly and S increased (Fig. 7).

GL-added Starch/PVA blend film showed a low DS
value, but it had a high S value because degree of
combination related to hydrogen bonding on GL-
added film is weaker than CA-added film.

CA-added Starch/PVA blend film showed a higher
DS value and a lower S value than the GL-added films.
These findings led us to discover that CA was
crosslinked by hydrogen bonding between starch and
PVA molecule.

DS and S value of drying starch/PVA blend films at
50 and 5°C are shown in Table II. When the same
amount of GL and CA as additives was added, drying
films at 50°C resulted in higher swelling and solubility
in all samples compared with films dried at 5°C.

As in the results mentioned earlier, TS and % E, it
was found that DS and S value were low because

hydrogen bonding was activated at low tempera-
ture.

Effect of glutaralehyde (GLU) as crosslinking agent

Figures 8(a) and 8(b) show TS and % E of starch/PVA
blend film on adding GLU as crosslinking agent. Ef-
fect of crosslinking of GLU was reported by Parra et
al.23

In the report of Parra et al., the mechanical proper-
ties and water vapor transmission (WVT) were inves-
tigated adding GLU as crosslinking agent on the film.
The result reports that with increasing GLU content,
TS increased and % E and WVT decreased.

On this work, the mechanical properties, DS, and S
adding GLU in SPGL40 and SPCA40 were investigated.

Figures 8(a) and 8(b) show TS and % E of film added
with increasing contents of GLU in SPGL40 and
SPCA40. As the wt % of GLU increased from 0.045 to
0.75%, TS increases while % E decreases. It was veri-

Figure 6 Degree of swelling (DS) of starch/PVA blend
films adding glycerol (GL) and citric acid (CA) as additives.

Figure 7 Solubility (S) of starch/PVA blend films adding
glycerol (GL) and citric acid (CA) as additives.

TABLE II
Degree of Swelling (DS) and Solubility (S) of Drying

Starch/PVA Blend Films at 50 and 5°C

Sample name
Degree of swelling

(DS)
Solubility

(s)

SP 2.4 0.19
SP� 1.97 0.15
SPGL40 1.03 0.5
SPGL40� 0.96 0.39
SPCA40 1.98 0.35
SPCA40� 1.41 0.14

SP�, SPGL40�, SPSO40�, and SPCA40� are films dried at
5°C.
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fied that sudden change of TS and % E happened in
GLU-added SPCA40 film. This phenomenon took
place because of superior reactivity of CA and GLU.

Figures 9(a) and 9(b) show DS and S value of film-
added GLU. With increasing GLU contents, DS and S
value of GL-added and CA-added films decrease.

CONCLUSIONS

Starch/PVA blend films were prepared by a mixing
process. The results of TS, % E, DS, and S of
synthesized films adding GL and CA as additives
demonstrated that the film gained superior pro-

Figure 8 Tensile strength (TS) and elongation (%) of GL-added film and CA-added film adding glutaraldehyde (GLU) as
crosslinker. (a) Tensile strength (TS) of GL-added film and CA-added film adding glutaraldehyde (GLU) as crosslinker and
(b) Elongation (%) of GL-added film and CA-added film with glutaraldehyde (GLU) as crosslinker.

Figure 9 Degree of swelling (DS) and solubility (S) of GL-added film and CA-added film adding glutaraldehyde (GLU) as
crosslinker. (a) Degree of swelling (DS) of GL-added film and CA-added film adding glutaraldehyde (GLU) as crosslinker and
(b) Solubility (S) of GL-added film and CA-added film adding glutaraldehyde (GLU) as crosslinker.
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perties with the addition of CA. However, DS value
of the CA-added film was higher than GL-added
films.

TS, % E, DS, and S values were superior when the
film was dried at 5°C than at 50°C because of the
hydrogen bonding occurring at low temperature.

The film, added with CA containing both hydroxyl
and carboxyl groups, was superior in its properties
compared with the GL-added film that had hydroxyl
group only.

As GLU contents increase, we were confirmed that
DS and S value decrease. The effect of crosslinking is
excellent with using small amount because CA was
reacted predominantly with GLU. This study demon-
strated that CA is useful and harmless to the human
body. So, it may be used as plasticizer in place of the
widely used GL.
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