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a  b  s  t  r  a  c  t

Thermoplastic  starch  was  prepared  by adding  oxidized  starches  and  glycerol  together  into  starch.  The
addition  of oxidized  starch  improved  the  rheological  properties  and  also increased  the  toughness  of
thermoplastic  starch.  Compared  with  TPS30,  the  elongation  at break  increased  from  126.8%  to  152.5%
when  5 wt%  OS  117%  was  added.  Good  compatibility  of  thermoplastic  starch  between  the  matrix  and
vailable online 12 April 2013
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oxidized  starch  was  confirmed  by  SEM.  The  addition  of oxidized  starch  lowered  the  storage  modulus  and
glass  transition  temperature  (Tg)  of thermoplastic  starch,  decreasing  Tg from  34.1  to  30 ◦C when  10  wt%
OS117%  was  added.  The  thermal  stability  of  blending  was  improved  by  adding  oxidized  starches,  i.e.
when 5 wt%  OS70%  was  added,  T5% increased  from  134  to 156 ◦C.

© 2013 Elsevier Ltd. All rights reserved.

heological behaviors

. Introduction

Recently, the bulk production of biodegradable materials has
een the subject of intense investigation in both industries and
cademia, because of the growing shortage of petroleum resources
nd the inherent non-biodegradability of petroleum-based mate-
ials (Zhang et al., 2013). Starch, which is produced by many green
lants as an energy store, has been considered as an attractive
nd optimum candidate to replace the petroleum-based materials.
ajor advantages of starch include its inherent biodegradabil-

ty, ubiquitous availability, relatively low cost (Teixeira, Dá Róz,
arvalho, & Curvelo, 2007) and the ease for chemical modifications
Labet, Thielemans, & Dufresne, 2007; Sung, Park, Park, Choi, & Jhon,
005).

The preparation of thermoplastics from starch has been inves-
igated during the past few decades. In fact, starch is different from
ther synthetic polymers. It cannot be considered as truly ther-
oplastic, because its glass–rubber transition temperature (Tg) is

igher than its decomposition temperature when it has been dried.
y using conventional processing techniques, such as extrusion,

nternal mixing and injection molding, which is usually used in
he processing of typical synthetic thermoplastics, native granu-
ar starch can be converted into a molten state in the presence of

lasticizers, such as water and/or glycerol (Xie, Halley, & Avérous,
012). In general, the addition of plasticizers into starch is an estab-

ished method for lowering the Tg of starch below its decomposition

∗ Corresponding authors. Tel.: +86 28 85410259; fax: +86 28 85410259.
E-mail addresses: xiuliwang1@163.com (X.-L. Wang), yzwang@scu.edu.cn

Y.-Z. Wang).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.03.093
temperature (Mathew & Dufresne, 2002a) and converting starch
into a so-called thermoplastic starch, which can be processed eas-
ily (Averous, Fringant, & Moro, 2001; Huneault & Li, 2007; Sarazin,
Li, Orts, & Favis, 2008).

Plasticizers are usually low molecular weight substances, which
make them easier to incorporate into the polymer matrix to destroy
the inter- and intra-molecular hydrogen bonds that occur in starch,
and thereby increase the free volume between molecular chains
and molecular mobility of polymers. As a result, the toughness
and thermal processing conditions of starch-based materials are
improved compared to native starch (Mathew & Dufresne, 2002b;
Talja, Peura, Serimaa, & Jouppila, 2008). Glycerol and water are most
widely used plasticizers to prepare thermoplastic starch (Angellier,
Molina-Boisseau, Dole, & Dufresne, 2006). Higher moisture con-
tent can potentially reduce the stiffness of compression-molded
starch and increases their ultimate elongation at break, because of
the decrease in Tg (Thunwall, Boldizar, & Rigdahl, 2006). Other low
molecular weight substances, such as polyols (Mathew & Dufresne,
2002b), citric acid (Yu, Wang, & Ma,  2005), formamide (Wang, Yu,
Chang, & Ma,  2008), and urea have also been utilized as plasti-
cizers of starch. The plasticizing effect of different polyols, such
as glycerol, xylitol, sorbitol, and maltitol on waxy maize starch
was investigated by Mathew and Dufresne (Mathew & Dufresne,
2002b). And it was  found that as the molecular weight of plasticizer
increased, both stiffness and toughness of the moist material were
improved. Furthermore, chemicals containing nitrogen, such as
urea and ammonium derivatives (Wang et al., 2008; Ma,  Yu, & Feng,

2004), are also effective plasticizers for preparing thermoplastic
starch. However, these plasticizers containing amide functional
groups are potentially harmful (Yu et al., 2005). Citric acid, which
contains three carboxylic acid groups and one hydroxyl group, has

dx.doi.org/10.1016/j.carbpol.2013.03.093
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.03.093&domain=pdf
mailto:xiuliwang1@163.com
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tronger hydrogen bonding interactions with starch as compared
o glycerol (Yu et al., 2005). However, starch macromolecules will
e depolymerized during processing when citric acid is added (Xie
t al., 2012). Moreover, plasticizers which have small molecular
eight, can easily penetrate into starch matrix, but they are also

asy to migrate out of the matrix during the subsequent processing
teps.

Compared with citric acid, oxidized starch with high degree
f oxidation also contains many carboxylic acid groups, which
an potentially form intra-molecular hydrogen bonds with starch.
ue to its macromolecular structure, its migration can be avoided
uring and after processing. Besides this, unlike citric acid, its

ntroduction will not make starch acid hydrolysis. Therefore, in
he present work, oxidized starches with high degree of oxidation
ere prepared, and then added with glycerol into starch to prepare

hermoplastic starch. It was expected that oxidized starch could
mprove the rheological properties and the toughness of starch.
he compatibility between oxidized starch and starch matrix was
xamined by scanning electron microscopy (SEM). Besides this, the
ynamic mechanical properties and thermal stability of thermo-
lastic starches plasticized by glycerol and oxidized starch were
lso investigated by DMA  and TGA, respectively. To the best of
ur knowledge, this is the first report using oxidized starch as a
acromolecular to improve the properties of thermoplastic starch.

. Materials and methods

.1. Materials

Cornstarch (11–13% moisture) was obtained from Langfang
tarch Company (technical grade, Langfang, Heibei, China). Hydro-
en peroxide (H2O2, 30%) and glycerol (analytical grade (99.5%))
ere purchased from KeLong Chemical Reagent (Chengdu, China).
ll chemicals were used as received without further purification.

.2. Preparation of oxidized starches with different degree of
xidation

The oxidized starch was prepared according to our previous
tudy (Zhang, Wang, Zhao, & Wang, 2012). A typical run was  as fol-
ows. Starch slurry was prepared by adding starch (dry basic) and 5
v/w) distilled water into a metal pail. Then the mixture was  heated
t 80 ◦C for 30 min  with manual stirring to make starch gelatinize
dequately. After the temperature was cool below 50 ◦C, an aqueous
uSO4 (0.01% molar ratio based on glucose units of starch) solution
nd H2O2 (15% molar ratio based on glucose units of starch) were
oth added drop wise into the starch slurry subsequently. Thor-
ugh stirring was followed to make them disperse uniformity. After
hat, the mixture was placed in an air-forced oven for two  days at
0 ◦C. Then the product was dried 48 h at 60 ◦C in a vacuum oven
nd milled into powder. The determination of the degree of oxida-
ion was performed according to our previous method (Zhang et al.,
012). Thus, oxidized starch with 42% degree of oxidation was  pre-
ared. In this paper, oxidized starch with 70% and 117% degree of
xidation (abbreviated as OS70% and OS117%) were also prepared
ith the same method by changing the molar ratio of copper sulfate

nd hydrogen peroxide.

.3. Preparation of thermoplastic starch

Thermoplastic starches were prepared by melt extrusion
rocessing using a twin screw extruder. Glycerol and oxidized

tarches was blended together (3000 rpm, 2 min) with cornstarch
n a High Speed Mixer GH-100Y (Beijing, China). Then the mixture

as stored 24 h in a plastic bag. After that the mixture was fed into a
o-rotating twin-screw extruder (STE 20, Coperion Keya Machinery
olymers 96 (2013) 358– 364 359

Co. Ltd, Nanjing, China) at a screw speed of 100 rpm with a temper-
ature gradient along extruder barrel as the following profile: 80 ◦C,
100 ◦C, 110 ◦C, 110 ◦C, 110 ◦C, 100 ◦C (from feed zone to die). Then
the extruded strips were cut into particles. In this study, 30 wt%
glycerol (based on corn starch) was used for all samples containing
oxidized starch. When only glycerol was used as the plasticizer, the
thermoplastic starch is abbreviated as TPS30. When oxidized starch
was added, the thermoplastic starch is abbreviated as TPSmOSn,
in which m stands for the oxidized starch content (weight ratio
based on cornstarch) and n represents the degree of oxidation. For
example, when 5 wt% oxidized starch with 42% degree of oxidation
was added into the blending, thermoplastic starch is abbreviated
as TPS5OS42%.

2.4. Rheological properties

Thermoplastic starches were cut into small pieces and tested
by a capillary rheometer (Rheograph 2002, Gottfert.Co, Germany).
After pelletizing and conditioning in 53% relative humidity envi-
ronment at room temperature for 24 h, the samples were fed into
the barrel through a funnel, followed by being preheated for 4 min
before being analyzed in the rheometer. The measurements were
performed at 100, 110, and 120 ◦C, respectively. The L/D was  20/1
and the diameter of the die was  2 mm.  It has been shown by others
that (Onteniente, Abbès, & Safa, 2000) for most thermoplastics, the
following power law is used extensively to describe the flow prop-
erties of non-Newtonian liquids in theoretical analysis as well as in
practical engineering applications (Wang et al., 2008)

� = K�n
a (1)

The apparent viscosity � (Pa s) is defined by Eq. (2):

� = �

�a
(2)

In the above equations K is the consistency, � is the shear stress
(Pa), �a is the shear rate (s−1), and n is the index in the power law.

Substituting Eq. (1) into the Newtonian relationship between �
and �a (Eq. (2)) yields the following expression, by which viscosity
(�) and (�a) values can be obtained:

� = k�n−1
a (3)

lg� = lg K + (n − 1)lg�a (4)

2.5. Mechanical testing

Compression molding was used to produce sheets/films with a
thickness in the range of 0.5–1 mm.  All the samples were placed
in an environment with 53% relative humidity for one day before
the test was performed. The Materials Testing Machine (SANS
CMT4104, Shengzhen SANS, China) was run at a crosshead speed of
10 mm/min  was used for tensile testing (ISO 1184-1995 standard).
The data was  the average of 5–8 specimens in each treatment.
Tensile strength, elongation-at-break, and Young’s modulus were
directly obtained from this test.

2.6. Scanning electron microscopy (SEM)

The fractured surfaces of TPS30 and TPSOS were examined using

scanning electron microscopy (Philips FEI INSPECT F instrument,
FEI, Netherlands) operated at 10 kV. The samples were fractured
after immersion in liquid nitrogen, and the surfaces were coated
with a thin gold layer before observation.
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ig. 1. Rheological curves of thermoplastic starch at 110 ◦C. (A) Thermoplastic starc
ontaining different content OS117%.

.7. Dynamic mechanical thermal analysis

Thermomechanical properties of the sheets were tested with a
ynamic mechanical analyzer (DMA Q800, TA Instruments, U.S.A.).
ll samples were left in 50% relative humidity environment at room

emperature for 24 h before test. Tests were performed using a tem-
erature gradient from −80 to 100 ◦C with a heating rate of 3 ◦C/min
t an oscillation frequency of 1 Hz.

.8. Thermogravimetric testing (TG)

Thermogravimetric analysis (TGA) of samples (4–5 mg)  was  car-
ied out by using a NETZSCH thermal analyzer (TG209F1, NETZSCH
Gerätebau GmbH, Selb/Bavaria, Germany) under nitrogen atmo-
phere at a heating rate of 10 ◦C/min. The samples were kept in a
acuum oven at 60 ◦C for 48 h before test. The range of scanning
emperature was  from 40 to 500 ◦C.

. Results and discussion

.1. Rheological properties of thermoplastic starch

During the processing and testing process, water was absorbed
nevitably by thermoplastic starch. The moisture absorptions of
hermoplastic starch containing oxidized starch are tested at RH
3% and RH 100% condition, respectively (shown in supplemen-
al materials). It was found the addition of oxidized starch almost
ad no effect on the moisture absorption, no matter the variation
f the degree of oxidation or the weight ratio of oxidized starch
Fig. 1S). The final moisture absorption of TPS5OS42%, TPS5OS70%,
nd TPS5OS117% are 7.6%, 7.6% and 7.7%, respectively, which are
lmost same as that of TPS30. The similar results are also obtained
or samples conditioned in RH 100% (Fig. 1Sb). Therefore, the effect
f moisture absorption on the properties can be excluded here.

The apparent viscosities of thermoplastic starch were deter-
ined as a function of the shear rate. The �–�a curves were

lotted using a double logarithmic chart. Fig. 1 shows the effect
f the degree of oxidization (Fig. 1A) and the content (Fig. 1B)
f oxidized starch on the rheological properties of thermoplastic
tarches. Upon increasing the shear rate, the viscosity of all thermo-
lastic starches samples decrease correspondingly, which indicates
hat the melts of the extruded starch blends behave like a pseu-

oplastic fluid. With the increase of shear rate, the entanglement
f starch chains decreases, which leads to the gradual weakening
f the inter- and intra-molecular interactions between starch and
herefore reduced the flowing resistance (Wang et al., 2008). Hence,
taining oxidized starch with different oxidization degree. (B) Thermoplastic starch

a highly disperse and compatible blend can be achieved by increas-
ing the shear rate to obtain a lower viscosity. As shown in Fig. 1A,
oxidized starch with different degrees of oxidation has a great effect
on the rheological behavior of thermoplastic starches. With the
increasing degree of oxidation, while holding all of the other param-
eters constant, the apparent viscosities of the blends decrease
correspondingly. We  found that the carbonyl group mainly exists
as carboxylic group when its content exceeds 39% in our previ-
ous study (Zhang, Zhang, Wang, Chen, & Wang, 2009). Carboxylic
acid groups can establish strong hydrogen bonds with starch and
partially replace the interaction of hydrogen bonds between differ-
ent starch chains. When materials are performed at low shear rate,
the effects of oxidized starches on the rheological properties are
more obvious (Fig. 1A). When the shear rate increases, the extruded
starch blend undergoes shear thinning and decreases the effect of
oxidized starch on the apparent viscosity.

From Fig. 1A, it appears that OS117% leads to a greater depres-
sion in starch’s apparent viscosity. Therefore, the effect of OS117%
contents on the rheological properties of thermoplastic starch was
investigated and the results are shown in Fig. 1 B. It appears that
increasing OS117% content significantly decreases the melting vis-
cosity, due to a higher amount of carbonyl groups, which can form
hydrogen bonds with the hydroxyl groups of starch molecules,
and further results in the disruption of inter- and intra-molecular
hydrogen bonds of starch.

3.2. The effect of oxidized starch on non-Newtonian index

Non-Newtonian index n estimates the extent of deviation of
polymer liquid from Newtonian liquid. As the n value approaches
1, it behaves like a Newtonian fluid, which means that it is less
sensitive to shear rate. Non-Newtonian index n is influenced
by numerous factors such as temperature, shear rate, molecular
weight, configuration of polymer, plasticizer type and content, and
interaction between molecular chains and so on. According to Eq.
(4), in the double logarithmic curves of shear rate versus apparent
viscosity (Fig. 1), the slope of the linear fit equation is n − 1 and the
intercept is lg K. The data is well fit to the simple power law model
(Eq. (3)) with high determination coefficients (r2 = 0.992–0.995), as
shown in Table 1. All samples possess high shear thinning behav-
ior, flow behavior indices (n) are in the range of 0.37–0.48. An n
value lower than 1 indicates that the molten thermoplastic starches

shows shear thinning behavior, which is mainly ascribed to the
gradual reduction of molecular entanglement with the increase of
shear rate (Xie et al., 2012). The magnitude of the consistency index
(K) obtained from the power law model decreases from 104.67 to
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Table 1
The influence of OS on the non-Newtonian index n of TPS.

Samples Non-Newtonian index n R K

TPS30 0.37 ± 0.03 0.993 104.75±0.07

TPS5OS42% 0.39 ± 0.03 0.993 104.67±0.07

TPS5OS70% 0.41 ± 0.03 0.992 104.60±0.07

TPS3OS117% 0.44 ± 0.02 0.985 104.44±0.07
4.35±0.05
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t

starch chains. The oxidized starch with a higher degree of oxi-

T
T

TPS5OS117% 0.45 ± 0.02 0.995 10
TPS10OS117% 0.48 ± 0.01 0.998 104.21±0.03

04.35 with increasing the degree of oxidation from 42% to 117%. The
on-Newtonian index n increases with increasing degree of oxida-

ion, which indicates that the samples become more like Newtonian
iquid, and therefore the rheological properties of thermoplastic
tarch are improved. When conventional plasticizers and starch
re blended together, the hydrogen bonds between these two are
stablished (Ma  et al., 2004), which will weaken the interaction
etween starch molecules and improve the flowing ability of starch.
hen oxidized starch is added, the new hydrogen bonds between

tarch and oxidized starch are also formed, which weaken the inter-
nd intra-molecular hydrogen bonds of starch.

Table 1 also shows the influence of OS117% content on the non-
ewtonian index n of thermoplastic starches. It appears that there

s a direct relationship between the content of OS117% and the
on-Newtonian index n. With the increasing content of OS117%,
he non-Newtonian index increases correspondingly (as shown in
able 1). Compared with TPS 30, Non-Newtonian index n increases
rom 0.37 to 0.48 when 10% OS117% is added. It demonstrates that
dding OS117% makes the materials more like a Newtonian fluid
nd also improves its rheological properties. The shear stress versus
hear rate data is well fitted with the simple power law model with
igh coefficients (r2 = 0.993–0.998). The magnitudes of the consis-

ency index (K) obtained from the power law model decreases from
04.75 to 104.21 with the addition of 10 wt% OS117%, as compared
o the sample without oxidized starch.

able 2
he effect of OS on the mechanical properties of TPS.

Samples Tensile strength (MPa) 

TPS30 3.0 ± 0.2 

TPS5OS42% 2.1 ± 0.1 

TPS5OS70% 1.7 ± 0.1 

TPS3OS117% 2.0 ± 0.1 

TPS5OS117% 1.5 ± 0.1 

TPS8OS117% 1.3 ± 0.1 

TPS10OS117% 1.0 ± 0.0 
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Fig. 2. Rheological curves of TPS30 and TPS
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3.3. The influence of temperature on the rheological properties

The temperature has a great influence on the molten flow prop-
erties of the mixture. In this study, TPS30 and TPS3OS117% were
chosen to investigate the influence of temperature on their rheo-
logical properties (shown in Fig. 2). Processing temperatures at 100,
110 and 120 ◦C were chosen, respectively. As expected, the appar-
ent viscosity decreases with the increase of temperature at a given
shear rate. When temperature rises, the chains possess greater
energy, and thus the molecular energy of chains increase and the
free volume of melting fluid enhance correspondingly. That is, with
the increasing temperature, the chain mobility increases and thus
the flowing resistance decrease. Therefore, it can be concluded that
the flow properties of TPS3OS117% is improved appreciably with
the increasing temperature.

3.4. Mechanical properties

Tensile strength, Young’s modulus and elongation at break of
thermoplastic starches are shown in Table 2. Tensile strength
and Young’s modulus both decrease with the increasing degree
of oxidation of oxidized starch, but on the other hand, the elon-
gation at break is enhanced. Compared with TPS30, the tensile
strength of TPS5OS42% decreases from 3.0 to 2.1 MPa, while the
elongation at break increases from 126.8% to 131.2%. When oxi-
dized starch content is fixed at 5% (w/w), the elongation at break
increases with the increasing degree of oxidation. For exam-
ple, the elongation at break of TPS5OS70% and TPS5OS117% are
145.0% and 152.5%, respectively. These indicate that the flexibil-
ities of thermoplastic starches are improved with the increasing
degree of oxidation of starch, which due to the fact that the
addition of oxidized starch disrupts the hydrogen bonds between
dation has a stronger interaction between oxidized starch and
starch chains, which leads to an increase in the mobility of starch
chains.

Elongation at break (%) Young’s modulus (MPa)

126.8 ± 10.4 41.0 ± 7.0
131.7 ± 8.3 44.3 ± 10.7
145.0 ± 17.7 30.3 ± 5.0
132.6 ± 14.8 31.6 ± 3.2
152.5 ± 13.6 22.6 ± 2.6
152.5 ± 4.6 21.3 ± 2.4
170.2 ± 19.1 18.0 ± 1.8

1.0 1.5 2.0 2.5 3.0 3.5 4.0
2.0

2.2

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0 100oC

110oC

120oC

lg
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P
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s)
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TPS3OS116.7%

3OS117% at different temperatures.
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rface of TPS30 (A) and TPS5OS42% (B).
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Fig. 3. SEM images of fractured su

The influence of oxidized starch content on the mechanical
roperties of thermoplastic starches is shown in Table 2. It is noted
hat the mixture become more flexible when the amount of OS117%
ncreases. Increasing the amount of OS117% leads to the weaker and
ofter starch material. The tensile strength and Young’s modulus of
hermoplastic starches decreases from 3.0 (TPS30) to 1.0 MPa, and
rom 41.0 (TPS30) to 18.0 MPa, respectively, when OS117% con-
ent increases to 10 wt%. While its elongation at break increases
rom 126.8% to 170.2%, correspondingly. The addition of oxidized
tarch reduces the tensile strength and Young’s modulus, acting
ike a plasticizer for thermoplastic starches (Willett & Doane, 2002;
hang et al., 2009), and results in an increasing elongation at break.

.5. Morphology of thermoplastic starches

The morphology of thermoplastic starches plasticized with glyc-
rol and oxidized starch was examined by SEM. The samples were
ractured in liquid nitrogen before testing. Fig. 3A shows the frac-
ured surface of the TPS30 film. The surface is rather smooth, which

eant that cornstarch granules were changed to a continuous
hase during processing. Due to the cumulative action of plasti-
izers, high shear rate, and processing temperature, native starch
ranules melted or were physically broken up into small fragments,
hich resulted in smoother surfaces and the disappearance of gran-
lar structure of cornstarch (Ma,  Jian, Chang, & Yu, 2008). No phase
eparation is observed in Fig. 3B, which demonstrates OS42% is
niformly dispersed in the matrix. This also indicates that there is
ood compatibility between oxidized starch and native cornstarch.
ased on our previous results, the hydroxyl groups of starch were
hanged to carbonyl and carboxylic acid groups during the oxi-
ization, which took place primarily at the hydroxyl groups at C-2,
-3, and C-6 positions (Zhang et al., 2009). These carbonyl and car-
oxyl groups of oxidized starch are then available to form strong
ydrogen bonds with the hydroxyl groups on starch. In addition,
he anhydroglucose ring of oxidized starch is still maintained, so
ts chemical structure is similar with that of starch, which made a
ood compatibility with starch illustrated by the good dispersion
f oxidized starch in the starch matrix (shown in Fig. 3B). How-
ver, this starch based material was so weak to endure the electron
eam during characterization and the images become blistered,
he phenomenon was also found by others (Mathew & Dufresne,
002a).

.6. Dynamic mechanical thermal analysis
The effect of oxidized starches on the storage modulus and glass
ransition temperature of the thermoplastic starches was stud-
ed by dynamic mechanical thermal analysis. As shown in Fig. 4A,
he storage modulus of thermoplastic starches decreases when

Fig. 4. The dependence of storage modulus and loss factor on the temperature for
thermoplastic starch containing oxidized starch.
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Table 3
Thermal decomposition temperatures of OS117% and TPS containing OS.

Samples T5% (◦C) T10% (◦C) Tmax (◦C)

OS117% 171 218 299
TPS30 134 203 317
TPS5OS42% 157 236 318
Temperature ( C)

ig. 5. TG curves of OS117% and thermoplastic starch containing oxidized starch.

xidized starch is introduced. This phenomenon is ascribed to the
trong interaction between oxidized starch and the thermoplas-
ic starch matrix. In general, the storage modulus decreases as the
emperature increases. At or above room temperature, the stor-
ge modulus of thermoplastic starch blends with oxidized starch
as lower than that of TPS30, which is in consistent with their
echanical properties (Thunwall et al., 2006). Fig. 4B shows the

oss factor (tan �) as a function of temperature. In the region corre-
ponding to the maximum loss factor (tan �), the decrease in storage
odulus is very rapid. The loss factor is found to be sensitive to

he molecular motion and its peak represents the glass transition
emperature. The curve of TPS30 shows two thermal transitions
orresponding to the two separate phases in thermoplastic starch,
hich is reported previously (Angellier et al., 2006; Ma  et al., 2008).

he lower transition (−55.2 ◦C) is due to a starch-poor phase (˛1
elaxation) (Angellier et al., 2006). The upper transition (34.1 ◦C)
ccurs because of a starch-rich phase (�2 relaxation), which is
egarded as the glass transition temperature (Tg) of TPS30. As far
s the thermoplastic starches blends containing oxidized starch are
oncerned, the upper transitions are shifted to lower temperatures
nd the lower transition shifted to higher temperatures, and thus
he range between these two transition temperatures decrease. It
ndicates that both starch-rich and starch-poor phases has interac-
ions with oxidized starch, and leads to a better dispersion of the
hermoplastic starches as confirmed by SEM study. Compared with
PS30, when 3 wt% OS117% and 10 wt% OS117% is added into the
lends, the upper transition temperatures decrease from 34.1 to
1.4 and 30.0 ◦C, respectively. The lower transition temperatures

ncrease from −55.2 to −53.0 and −51.2 ◦C, respectively. These
esults demonstrate that oxidized starch could improve the chain
obility of starch matrix and enlarge the free volume between

tarch chains.

.7. Thermal stability

Before preparing thermoplastic starches co-plasticized by oxi-
ized starch, whether oxidized starches would decompose at
elected processing temperature are needed to confirm. According
o our previous results, they showed that the thermal stabilities of
xidized starches decreased with the increasing degree of oxida-
ion (Zhang et al., 2012). So herein OS117% was chosen to study its

hermal stability. T5% and T10%, which represents the temperature
f 5% and 10% weight loss, respectively, are shown in Fig. 5 and list
n Table 3. Tmax, which represents the temperature of maximum

eight loss rate, is determined from derivative thermogravimetry
TPS5OS70% 156 235 317
TPS5OS117 148 224 317

(DTG) curves and lists in Table 3. As shown in Table 3, the T5%, T10%
and Tmax of OS117% are 170, 218 and 299 ◦C, respectively, which
demonstrate that the thermal stability of oxidized starch we used
are stable in our processing temperature range.

The thermal stability of thermoplastics starch containing oxi-
dized starch was  also investigated by TGA (Fig. 5). The mass loss
curves are similar for the thermoplastic starches containing oxi-
dized starch with different degree of oxidization. Because the
boiling point of glycerol and T5% of OS117% is 290 ◦C and 170 ◦C,
respectively, the mass loss below 100 ◦C is mainly ascribed to water
evaporation, which is present in starch (Ma et al., 2004). As shown
in Table 3, the thermal stabilities are improved when oxidized
starches were added into the blend. Compared with TPS30, T5%
increases from 134 to 157 ◦C when only 5 wt% OS42% was  added.
Furthermore, T5% of thermoplastic starch is still higher than that of
TPS30 when the degree of oxidation further increases to 117%. The
reason might be that the presence of oxidized starches improves
the binding of water and glycerol to starch, and thus made them
more difficult to evaporate during processing. As far as Tmaxs are
concerned, the values are unchanged, around 317 ◦C. On the other
hand, oxidized starches are totally decomposed before the maxi-
mum  decomposition temperature. Therefore, Tmax belonged to the
decomposition of anhydroglucose unit of starch. It is surprising
to note that oxidized starch can improve the thermal stability of
thermoplastic starches at lower temperature, which means that
the addition of oxidized starch prevents the degradation of starch-
based materials at the practical processing temperatures.

4. Conclusion

Oxidized starches with high molecular weight and high degree
of oxidation are developed to improve the properties of thermo-
plastic starch herein. When oxidized starch is added into starch
matrix, the apparent viscosity decreases. It is found that increasing
the oxidized starch content or the degree of oxidization decreases
the melting viscosity and non-Newtonian index n, which indicates
that the flowing fluid behaves more like a Newtonian fluid. The
thermoplastic starch blended with oxidized starches exhibit higher
elongation at break. The higher carbonyl content of oxidized starch
or higher amount of OS117% reduces the stiffness of starch mate-
rials. SEM shows the good compatibility between oxidized starch
and starch because of the similar molecular structure. The intro-
duction of oxidized starch lowers the storage modulus and glass
transition temperature of starch. Compared with TPS30, when 10%
OS117% was added, the glass temperature decreases from 34.1 to
30.0 ◦C. Moreover, the thermal stability of starch based material
is improved by adding oxidized starch, i.e. T5% is increased from
134 ◦C (TPS30) to 157 ◦C when only 5% OS42% was added. It can be
predicted that this green, low cost starch derivative will also have
potential application in other biomacromolecules (e.g. soy protein,
cellulose, alginate, and chitin) based materials.
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