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a b s t r a c t

The influence of surface esterification modification, by using dodecenyl succinic anhydride (DDSA) and
octenyl succinic anhydride (OSA), on mechanical properties of corn starch films was investigated. The
results showed that the surface modifications significantly increased tensile strength and Young’s modu-
lus of starch films; the modification decreased elongation at break of starch films at 75% RH but enhanced
vailable online 27 May 2010
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it at 95% RH. The effects of NaOH aqueous solution treating time on mechanical properties of starch films
were more notable at 75% RH than at 95% RH. The films modified with DDSA were more strong and rigid,
while the films modified with OSA were more flexible and ductile.

© 2010 Elsevier Ltd. All rights reserved.
lkenyl succinic anhydrides
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. Introduction

There has been a growing interest in development of thermo-
lastic starch (TPS) because of its biodegradability, availability from
enewable resources and low cost (Gandini, 2008; Liu, Xie, Yu,
hen, & Li, 2009). The hydrophilic nature of TPS leads to its mois-
ure content changing with ambient humidity, which results in
ts mechanical properties sensitive to humidity. This disadvantage
enders TPS unsuitable for many high humidity applications.

Surface modification of TPS products is an effective and promis-
ng approach that can lower humidity sensitivity without affecting
PS bulk composition. The superficial hydroxyl groups of TPS
roducts can be substituted by hydrophobic groups or react with
ross-linking agents to form starch molecule networks, so that sur-
aces of TPS products become less sensitive to moisture, moreover,
he hydrophobic surface layer formed by surface modification could
revent or delay moisture exchange between environment and TPS
roducts. (Yu & Liu, 2002; Bengtsson, Koch, & Gatenholm, 2003;
arvalho, Curvelo, & Gandini, 2005; Zhou, Zhang, Ma, & Tong, 2008;

hou, Ma, Zhang, & Tong, 2009a).

Author’s previous works showed that surface esterification
odification of corn starch films significantly decreased surface

ydrophilic character and moisture absorption of the films espe-

∗ Corresponding author. Tel.: +86 431 85095760x8409;
ax: +86 431 85095760x8408.

E-mail address: jiang.zhou@jlu.edu.cn (J. Zhou).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.05.041
cially at higher relative humidity (Zhou, Ren, Tong, Xie, & Liu,
2009b; Zhou, Ren, Tong, & Ma, 2009c). Since mechanical properties
are important criterion for many practical applications of TPS, it is
necessary to investigate the influence of surface esterification mod-
ifications on mechanical properties of TPS. This article presented
the research results.

2. Experimental

2.1. Materials

The corn starch was supplied by Changchun Jincheng Corn
Development Co. Ltd. (Changchun, China). The DDSA (90% purity)
and OSA (2-octen-1-ylsuccinic anhydride, 97% mixture of cis and
trans) were purchased from Sigma–Aldrich (St. Louis, USA). Glyc-
erol, sodium hydroxide and ethanol were from Beijing Beihua Fine
Chemicals Co. Ltd. (Beijing, China). All these chemicals were used
as received.

2.2. Film preparation and surface modification

TPS films with thickness about 0.18 mm were fabricated by
solution casting method (Zhou et al., 2009b). The weight ratio of

glycerol to starch in the films was fixed at 1:5. Specimens, 50 mm
long dumbbell with 4 mm neck width, were cut from the fabri-
cated films. The surface modifications were carried out according
to the previous procedure (Zhou et al., 2009b,c). Briefly, specimens
were soaked in NaOH aqueous solutions for a period of time, after

dx.doi.org/10.1016/j.carbpol.2010.05.041
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jiang.zhou@jlu.edu.cn
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onditioned at 95% RH to moisture equilibrium, they were dipped
n ethanol diluted alkenyl succinic anhydrides (ASAs). Afterwards,
he specimens were placed in an oven at 35 ◦C for 6 h to finish
sterification reaction.

.3. Mechanical properties

Tensile tests were carried out by using an universal testing
achine (Model QJ 210, Shanghai, Qingji, China) at a crosshead

peed of 5 mm/min. A load cell of 100 N was used. At least five
pecimens were measured for each experimental condition and the
verage values were taken.

. Result and discussion

Author’s previous work showed the surface esterification mod-
fications, by either soaking starch films in 0.7% NaOH aqueous
olution for 60 s and dipping in DDSA diluted five times by ethanol
v/v) (Zhou et al., 2009b) or soaking the films in 1.0% NaOH aque-
us solution for 10 s and dipping in OSA diluted three times by
thanol (v/v) (Zhou et al., 2009c) and then heating at 35 ◦C for 6 h,
ignificantly reduced the equilibrium moisture content (EMC) of
he starch films at high relative humidity. Table 1 presented the

echanical properties of these modified films. It can be seen that
he surface esterification modifications considerably increased the
ensile strength and Young’s modulus of the films. At 75%RH, the
DSA treatment gave much higher tensile strength and Young’s
odulus than OSA treatment, but at 95% RH there was not marked

ifference for both treatments. Compared to the control one, the
longation at break of the modified films decreased at 75% RH, but
ncreased at 95% RH. Since EMC of the modified films were very
lose, the effect of moisture content on mechanical properties could
e ignored, the difference in mechanical properties of the modified
lms should mainly result from that the thickness and mechani-
al properties of the surface esterification layer are different. The
esults in Table 1 indicated that the starch film modified by using
DSA was more strong and stiff, while the film modified by using
SA was more flexible and ductile.

The mechanical properties of the modified starch films are
elated to the surface esterification extent which should include
wo parameters, the thickness of surface esterification layer and
he degree of substitution (DS) of hydroxyl groups in the surface
ayer. However, it is difficult to quantitatively characterize the sur-
ace esterification extent of the starch films (Zhou et al., 2009b).
or the modification in this study, the films were soaked in alka-
ine aqueous solution to activate the hydroxyl groups of starch for
ucleophilic attack of the anhydride moieties and keep the reaction
oward the esterification instead of hydrolysis. Under the condi-
ions of fixing the concentration of alkaline aqueous solution, the
ilution of DDSA or OSA by ethanol and reaction temperature and
ime, the soaking time in alkaline aqueous solution will determine
iffusion depth of the alkali which eventually determines thickness
f the surface esterification layer. Thus, it is deserved to examine the
ffect of soaking time in alkaline aqueous solution on mechanical
roperties of the films.

Figs. 1 and 2 showed effect of alkaline aqueous solution treating
ime on mechanical properties of the films modified by soaking in
.0% NaOH aqueous solution, dipping in DDSA diluted five times by
thanol (v/v) and heating at 35 ◦C for 6 h. At 75% RH, tensile strength
nd Young’s modulus increased but elongation at break decreased

ith increasing of NaOH aqueous solution treating time. The tensile

trength and Young’s modulus of the modified film with 90 s soak-
ng increased 2.44 and 8.37 times of control one respectively, but
he elongation at break reduced by 81%. While at 95% RH, elonga-
ion at break increased with increasing of soaking time, and reached Ta
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ig. 1. Tensile strength (open symbol) and elongation at break (solid symbol) of
he starch films soaked in 1.0% NaOH aqueous solution for different times (95% RH
onditioned, 1/5 (v/v) DDSA/ethanol, 35 ◦C for 6 h).

maximum (1.88 times of control one) at 60 s treatment, then
eclined at 90 s treatment. The influences of NaOH aqueous solu-
ion treating time on tensile strength and Young’s modulus were
ot marked at 95% RH, these two parameters were only 1.18 and
.26 times, respectively, of the control one after 60 s treatments.

Figs. 3 and 4 showed effect of alkaline aqueous solution treat-
ng time on mechanical properties of the starch films modified by
oaking in 1.0% NaOH aqueous solution, dipping in OSA diluted
hree times by ethanol (v/v) and heating at 35 ◦C for 6 h. Compar-
ng with the modified films using DDSA, an obvious difference was
hat the elongation at break increased continuously with increas-
ng of soaking time; another difference was that, at 75% RH, both
ensile strength and Young’s modulus decreased with increasing of
he soaking time. Similar to DDSA treatment, the effect of soaking
ime was not considerable at 95% RH for OSA treatment.

All the above results suggested that the starch films modified by
sing DDSA were more strong and rigid, while the films modified
ith OSA were more flexible and ductile. One reason probably is

hat using OSA could give rise to a higher DS in the surface layer
ecause decrease of the alkenyl group chain length in ASAs can
nhance diffusivity and mobility of the anhydride which increases

robability of reactive moieties combining. A higher DS in the sur-
ace layer means that the number of available hydroxyl groups to
orm hydrogen bonding has been reduced, this could weaken inter-
ction of the starch molecules and increase their mobility which

ig. 2. Young’s modulus of the starch films soaked in 1.0% NaOH aqueous solution
or different times (95% RH conditioned, 1/5 (v/v) DDSA/ethanol, 35 ◦C for 6 h). Ta
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Fig. 3. Tensile strength (open symbol) and elongation at break (solid symbol) of
the starch films soaked in 1.0% NaOH aqueous solution for different times (95% RH
conditioned, 1/3 (v/v) OSA/ethanol, 35 ◦C for 6 h).
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ig. 4. Young’s modulus of the starch films soaked in 1.0% NaOH aqueous solution
or different times (95% RH conditioned, 1/3 (v/v) OSA/ethanol, 35 ◦C for 6 h).

ill impact mechanical properties of the surface layer and in turn
he mechanical properties of the starch films.
It is interesting to investigate how a modification using mixture
f DDSA/OSA influences mechanical properties of starch films. A
reliminary trial was carried out by soaking starch films in 1.0%
aOH aqueous solution for 30 s and 60 s, conditioned at 95% RH,
ipping in a mixture of DDSA/OSA (1:1 in volume) diluted four
ers 82 (2010) 1010–1013 1013

times by ethanol (v/v) and heating at 35 ◦C for 6 h. Table 2 gave the
mechanical properties of those starch films modified by using the
mixture of DDSA/OSA. Comparing with using DDSA or OSA alone,
using the mixture of DDSA/OSA gave rise to higher values of ten-
sile strength and Young’s modulus and lower value of elongation
at break when the soaking time was 30 s, this modification seems
DDSA dominant as the properties were closer to that of the DDSA
modified one. However, the mechanical properties of the modified
films with 60 s soaking time were closer to that of the OSA modified
one, which suggested that the modification may be OSA dominant.

4. Conclusion

The surface modification through esterification by using DDSA,
OSA or a mixture of DDSA/OSA can significantly increase the
strength, stiffness and toughness of starch films at higher relative
humidity (95% RH); but at 75% RH, only strength and Yong’s modu-
lus can be enhanced. The effects of NaOH aqueous solution treating
time on mechanical properties of starch films were more notable at
75% RH than at 95% RH. The films modified with DDSA were stronger
and more rigid than OSA modified one, while the films modified
with OSA were more flexible and ductile than DDSA modified one.
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