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a  b  s  t  r  a  c  t

Starch-graft-sodium  acrylate  (St-g-SA)  copolymers  were  synthesized  with  ammonium  persulfate  as  an
initiator.  This  work  focused  on  the effects  of  amylose  content  of  corn  starch  on  the  water  absorbent  capac-
ity and microstructure  of the  St-g-SA  copolymers.  The  water  absorbent  capacity  of  waxy,  maize  and  high
amylose  St-g-SA  copolymers  was  1800 g/g,  1300  g/g  and  1100  g/g  respectively.  The  grafted  copolymers
were  characterized  by FTIR  and  solid  state 13C  NMR  confirming  that  the  graft  reaction  had  taken  place
between  sodium  acrylate  and  corn  starch.  The  surfaces  and cross  sections  of  St-g-SA  copolymers  were
eywords:
uperabsorbent copolymer
tarch
icrostructure

mylose

observed  by  SEM.  Incomplete  gelatinized  starch  aggregates  increased  with  increasing  amylose  content  on
surfaces  and  cross  sections  of  copolymers,  which  accorded  with the  water  absorbent  capacity  and  graft-
ing ratio.  DMTA  results  showed  that  the  waxy  St-g-SA  copolymer  had  the  highest  transition  temperature
which  indicated  waxy  starch  had  high  grafting  ratio.

© 2013 Published by Elsevier Ltd.

raft

. Introduction

Superabsorbent polymers are three-dimensional networks,
hich are composed of homopolymers or copolymers and are insol-
ble in all solvents. Depending on their compatibility with the
olvent, they can absorb and hold a considerable volume of liq-
ids (Athawale & Lele, 2001; Hua & Wang, 2008; Jiraprasertkul,
uisin, Jinsart, & Kiatkamjornwong, 2006). Owing to their excellent
roperties of superabsorbent, superabsorbent polymers are widely
sed in many fields, such as flocculants for wastewater treatment
Güç lü, Güç lü, & Keleş , 2007; Güç lü et al., 2010; Jiraprasertkul et al.,
006), drug delivery systems (Ameye et al., 2001; Coucke et al.,
009), biological (Ameye et al., 2002; Eid, 2008) and hygienic prod-
cts, particularly disposable diapers and napkins, in which they
re used to capture secreted fluids such as urine and blood (Zou
t al., 2012). St-g-SA copolymer is one of superabsorbents having a
reater demand in industry due to their low cost and also because

f the certain proportion of starch in these polymers which render
hem biodegradable and environmental friendly.

∗ Corresponding author. Tel.: +86 551 65786121; fax: +86 551 65786121.
∗∗ Corresponding author. Tel.: +86 551 65786405; fax: +86 551 65786405.

E-mail addresses: chenpeirong@ahau.edu.cn (P. Chen), dxf@ahau.edu.cn (X. Du).

144-8617/$ – see front matter ©  2013 Published by Elsevier Ltd.
ttp://dx.doi.org/10.1016/j.carbpol.2013.11.027
Previous reports show that properties of corn starch are dif-
ferent with different amylose content (Matveev et al., 2001).
Furthermore, it is shown that the native granule structure, the
melting thermodynamic parameters and the functional properties
of starches are influenced by the amylose content (Kiseleva et al.,
2005; Sang, Bean, Seib, Pedersen, & Shi, 2008). Amylose content of
starches on physical properties and biodegradability of starch/PVA-
blended films also exhibits a strong influence (Yun & Yoon, 2010).
In addition, starch-based superabsorbent polymers grafting ratio,
grafting efficiency, graft position and length of the grafted segment
have recently been investigated for explaining graft reaction and
performance of starch-based superabsorbents with different amy-
lose/amylopectin ratio in starches (Zou et al., 2012). Application of
starch always involves gelatinization of starch that breaks the inter-
chains hydrogen bonding so as the rheological properties of starch
paste can be utilized effectively and that induces a complex struc-
tural modification, leading to dramatic apparent viscosity change.
Besides temperature, gelatinization behaviors of corn starches with
different amylose content are also obviously different (Liu, Yu, Xie,
& Chen, 2006).

St-g-SA copolymers are used extensively as superabsorbents,

which show high swelling capacity. It is important to have a
relatively complete cognition to internal structure of superab-
sorbent polymeric network because high water absorbent capacity
needs high cooperative among composites that is the reflection to

dx.doi.org/10.1016/j.carbpol.2013.11.027
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.11.027&domain=pdf
mailto:chenpeirong@ahau.edu.cn
mailto:dxf@ahau.edu.cn
dx.doi.org/10.1016/j.carbpol.2013.11.027
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nternal stimuli such as osmotic pressure, amylose content of
tarch, et al. Therefore, it is significant and urgent to research
he effect of amylose content on internal microstructure and
raft ratio of St-g-SA copolymers, which is closely connected to
ater absorbent capacity. Corn starches with different amylose

ontents (waxy, 5%; maize, 27%; high amylose, 70%) were used as
odel materials to synthesize the superabsorbent graft copolymer

sing ammonium persulfate as an initiator and N,N′-methylene-
isacrylamide as a crosslinker.

. Materials and methods

.1. Materials

Corn starches with different amylose contents according to the
anufacturer were used in the experimental work as model mate-

ials. High amylose starch (70% amylose content) was supplied by
ational Starch, America. Maize starch (27% amylose content) was

upplied by Shandong Jincheng Co., Ltd., China. Waxy starch (5%
mylose content) was supplied by Shandong Jincheng Co., Ltd.,
hina. All other chemicals used in the work were also commer-
ially available. Ammonium persulfate was obtained from Shantou

est Long Chemical Co., Ltd. N,N′-methylene-bisacrylamide was
rom Sinopharm Chemical Reagent Co., Ltd. Acrylic acid (AA) was
rom Tianjin Guangfu Fine Chemical Research Institute. Sodium
ydroxide was from Shantou West Long Chemical Co., Ltd.

.2. Preparation of copolymers

A 250 mL  four-neck round-bottom flask equipped with a
echanical stirrer (Gongyi SZCL-3A, two blade propeller type,

00 rpm) and a nitrogen line was charged with 120 mL  of water
nd 5.00 g of waxy or maize starch and the mixture was stirred
or 30 min  at 100 ◦C, while the high amylose starch was heated
nd stirred in an autoclave for 30 min  at 120 ◦C. The gela-
inized starch was  subsequently cooled to room temperature. Then
fter adding ammonium persulfate (0.16 g) and N,N′-methylene-
isacrylamide (0.012 g), 95% neutralized acrylic acid (20.00 g)
egarded as monomer was added to the flask. The mixture was
eated in thermostatic water bath at 65 ◦C for 5 h under nitrogen
tmosphere to obtain hydrogel, as reported previously (Cao, Xu,
eng, & Wang, 2005; Hua & Wang, 2008; Wu,  Wei, Lin, & Lin, 2003).
oly (sodium acrylate) (PSA) hydrogel was synthesized under the
ame conditions with no added starch. These obtained hydrogels
ere further processed.

A portion of hydrogels were washed with distilled water and
ewashed with ethanol to remove ungrafted molecules and acrylic
cid homopolymer to achieve the grafted copolymers (Jyothi &
arvalho, 2013; Lanthong, Nuisin, & Kiatkamjornwong, 2006; Wu,
005; Zhang, Wang, & Wang, 2007; Zou et al., 2012). The grafted
opolymers were dried at 105 ◦C, crushed and sieved through a 200-
esh (75 �m-mesh) screen to obtain powders for FTIR analysis and

rafting ratio calculation, respectively. Another portion of hydro-
els were washed thoroughly by acetone to remove unreacted
crylic acid and homopolymer until the precipitate agglomerates.
oth the grafted copolymer and maybe ungrafted starch were sepa-
ated by centrifugation. The precipitate was dried in a vacuum oven
t 60 ◦C until constant weight. The dried samples were crushed and
ieved through a 200-mesh screen to obtain powders for the 13C
MR analysis (Witono, Marsman, Noordergraaf, Heeres, & Janssen,
013). The remainder hydrogels were poured onto a polytetraflu-

roethylene dish and were dried at 65 ◦C to solid state, then dried
t 105 ◦C to a constant weight to form the films for characteriza-
ions of the water absorbent capacity, SEM, DMTA and mechanical
roperties.
mers 102 (2014) 453– 459

2.3. Characterizations

2.3.1. Fourier transforms infrared spectrometer (FTIR)
The starches, grafted copolymers and PSA were characterized

by Nicolet-Nexus 670 model FTIR spectrophotometer using KBr
pellets.

2.3.2. Solid state 13C NMR  spectroscopy
Solid state 13C NMR  spectra were recorded on Bruker AV400

spectrometer operating at 100.62 MHz. The powders of starch,
copolymers, and PSA were packed into 4 mm rotors and spun at
speeds of 5 kHz and a fixed CP contact time of 2 ms  was  used in all
the experiments.

2.3.3. Water absorbent capacity of copolymers
The water absorbent capacity of copolymer was  measured by a

filtration method. St-g-SA copolymers films were bended to break
into small pieces, 0.10 g of several pieces of dry film was put into
distilled water, and completely immersed in excess water for 24 h
to reach swelling equilibrium at ambient temperature (Lanthong
et al., 2006; Wu et al., 2003). The fully swollen copolymer gels
were filtered through a 100-mesh (150 �m-mesh) nylon screen to
remove the residual water. The absorption capacity Q (g/g) was cal-
culated as shown in Eq. (1) (Cao et al., 2005; Lanthong et al., 2006;
Zhang et al., 2007).

Q = M2 − M1

M1
(1)

where M1 (g) is the weight of the dry film sample, M2 (g) is the
weight of the swollen gel sample.

2.3.4. Grafting ratio
In a 125 mL  Erlenmeyer flask mounted with a condenser, 0.5 g of

the grafted copolymer was refluxed in 50 mL of 1 M HCl at 100 ◦C for
2 h (Lanthong et al., 2006). The polymer was filtered and washed
with distilled water to a pH of 7, and then it was dried at 105 ◦C
to obtain grafted polymer. Iodine solution was applied to observe
the completion of acid hydrolysis starch reaction. The grafting ratio
(GR) was calculated by Eq. (2) (Jyothi & Carvalho, 2013; Lanthong
et al., 2006; Zhu, Li, & Jin, 2009; Zou et al., 2012).

GR(%) = W1

Wo
× 100% (2)

where W1 (g) is the weight of grafted polymer and Wo (g) is the
weight of starch.

2.3.5. Field emission scanning electron microscope (SEM)
The morphology observation was carried out by Sirion200 Scan-

ning Electron Microscopy (SEM). Firstly, St-g-SA copolymers films
obtained by drying the synthesized hydrogels were directly bended
to break into pieces, then these pieces of dry film were coated with
gold. Finally, the film upper surface contacted with the air during
drying process and the film broken cross section were observed to
take images for surface and cross section, respectively.

2.3.6. Dynamic mechanical thermal analysis (DMTA)
St-g-SA copolymers and PSA films (30 mm × 5 mm  × 1 mm)

were performed on DMA  242E (Netzsch) analyzer at a frequency
of 1 Hz and a displacement of ±60 mm (about 0.1 N in force), from
room temperature to 180 ◦C at a heating rate of 5 ◦C/min under
nitrogen atmosphere (100 mL/min), using the single cantilever
bending mode.
2.3.7. Mechanical properties of copolymers
Elongation at break and tensile strength were evaluated for St-

g-SA copolymers and PSA films (50 mm × 5 mm × 1 mm)  using the
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peaks (Fig. 3b–d). The carbon atom C1–C5 of glucose in starches are
identified for copolymers, the peaks at ı = 100.3, 80.8 and 72.1 ppm,
responsible for anomeric carbon (C1), carbon atom (C4) and carbon
atoms (C2, 3, 5), respectively, and there are no obvious differences
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axy St-g-SA copolymer, (e) maize St-g-SA copolymer and (f) high amylose St-g-SA
opolymer.

MT304 testing machine (Shenzhen, China) with a crosshead speed
f 10 mm/min. Five measurements of each sample film were eval-
ated and the average value was taken.

. Results and discussion

.1. FTIR spectra analysis

The FTIR spectra of three kind model materials exhibit a similar
attern and all grafted copolymers also exhibit a similar pattern
s shown in Fig. 1. The significant absorption peaks at 3385 cm−1

s), 2925 cm−1 (m)  and a triplet peak at 1156 (m), 1080 (w) and
92 cm−1 (s) are ascribed to the OH stretching, C H stretching
nd C O C stretching (Zou et al., 2012), respectively (Fig. 1a–c).
he OH and C H stretching and bending are exhibited range
rom 2700 cm−1 to 3600 cm−1 (Fig. 1d–f). The absorption peaks at
571(s) and 1409 cm−1 (s) indicate COO− (s) stretching, as shown

n Fig. 1d–f (Kim, Na, Park, Yoon, & Ihm, 2002; Wu et al., 2003;
hang et al., 2007). Furthermore, the peak at 1700–1740 cm−1

nd 1429 cm−1 exhibit two very weak bands of COOH stretching
ibration, because almost all acrylic acid is neutralized by sodium
ydroxide. The absorption bands at 858 cm−1 (w) is a peak in fin-
erprint region of grafted copolymers.

To demonstrate graft reaction, the FTIR spectra of starch, PSA,
nd grafted copolymer are illustrated in Fig. 2. Only one spec-
rum of starch is used to explain because three kind starches have
he same FTIR spectra, so do the grafted copolymers. As can be
een, the absorption peaks in the region of 3500–3250 cm−1 (s)
nd 3000–2800 cm−1 (m)  are related to the OH stretching vibra-
ion and the C H stretching vibration, respectively. Compared
o starch and PSA, both group similar absorption peaks appear
n 1200–900 cm−1 and 1600–1250 cm−1 (Fig. 2c). 1200–900 cm−1

eaks can be ascribed to the bounds C O C stretching vibra-
ion of starch as shown in Fig. 2a, and the peaks appearing in
600–1250 cm−1 can be ascribed to the bounds COO− stretch-

ng vibration of sodium acrylate as shown in Fig. 2b. Besides Fig. 2c
hows a particular absorption peak at 500–700 cm−1 which is dif-
erent from starch and PSA. The peak at 500–700 cm−1 appearing in

ngerprint region of grafted copolymer and previously mentioned
wo similar group absorption peaks indicate that all starches have
uccessfully grafted onto sodium acrylate chains.
Wavenumber/cm

Fig. 2. FTIR spectra of (a) starch, (b) PSA and (c) St-g-SA copolymer.

3.2. Solid state 13C NMR spectral analysis

FTIR analysis gives a good indication that grafting has taken
place for each of St-g-SA copolymers. However, to further confirm
that grafting has taken place, solid state 13C NMR  spectroscopy has
been carried out. Fig. 3 shows the peak assignments from the solid
state 13C NMR  spectra of starch, copolymers and PSA. In Fig. 3a, the
low filed peak at ı = 100.3 ppm is due to anomeric carbon (C1), the
peak at ı = 80.8 ppm is due to C4. The peak in the range 71–74 ppm
is for carbon atoms (C2, 3, 5) connected by OH groups (Zhang, Xu,
& Wang, 2008; Zou et al., 2012). PSA has two major peaks as shown
in Fig. 3e. One peak at ı = 184.8 ppm is due to carboxylic acid car-
bon atom. And another peak at ı = 45.7 ppm can be accredited to sp3

hybridized carbon atoms as reported previously (Sarkar, Mandre,
Panda, & Pal, 2013; Zhang et al., 2008).

The solid state 13C NMR  spectra of copolymers show six obvious
Chemical  shift / pp m

Fig. 3. Solid state 13C NMR  spectra of (a) starch, (b) waxy St-g-SA copolymer, (c)
maize St-g-SA copolymer, (d) high amylose St-g-SA copolymer and (e) PSA.
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Table 1
Effect of amylose content on the grafting ratio.

Starch Amylose content (%) Grafting ratio (%)

F
c
w

ig. 4. Effect of amylose content on water absorbent capacity of St-g-SA copolymer.

f chemical shifts between starch and copolymers. However, a new
eak is observed at ı = 59.5 ppm after grafting, which appears close
o the peak for C6 ı = 61.4 ppm as shown in Fig. 3b and c, and a
houlder peak appears on C6 peak of starch as shown in Fig. 3d,
ndicating that a part of hydroxyl groups of C6 participate in graft
eaction (Zhang et al., 2008; Zou et al., 2012). These results show
hat starch has been grafted onto sodium acrylate chains through
ovalent attachment further.

.3. Effects of amylose content on water absorbent capacity and

rafting ratio

Effects of amylose content on water absorbent capacity and
rafting ratio of copolymers are shown in Fig. 4 and Table 1,

ig. 5. SEM photographs of surfaces of (a) waxy St-g-SA copolymer, (b) maize St-g-SA c
opolymer to 100,000×, and surfaces of (e) waxy St-g-SA copolymer, (f) maize St-g-SA cop
ith  dioxane for 12 h at 105 ◦C.
Waxy 5 156.3
Maize 27 119.6
High amlyose 70 65.7

respectively. It can be clearly seen from Fig. 4 that the copoly-
mer  based on the starch with lower amylose content generally
records higher water absorbency. Grafting ratio closely related to
water absorption also increases with decreasing amylose content
as shown in Table 1. This result is in contrast to the result reported
previously by Zou et al. (2012) which studied the effects of amylose
content on grafting reactions and performance of starch graft acryl-
amide superabsorbent polymers and the water absorbent capacity
is below 1000 g/g. St-g-SA copolymers have the greater value of
absorbing water due to the larger number of Na+ inside polymeric
network leading to the higher osmotic pressure than polymers
which are partly saponified.

The peak of gelatinization endotherm reported appears at lower
temperature for waxy starch than those of maize starch and high
amylose starch and the temperature of gelatinization increases
with the increase of amylose contents (Liu et al., 2006). While
the decrease in elongation at break and solubility with increasing
amylose content (Yun & Yoon, 2010) indicated starch with higher

amylose is harder to break up double helix and is easier to flocculate
after gelatinizing. These factors have a strong influence on the water
absorbent capacity and grafting ratio of copolymers. In detail, the
absorbency values increase remarkably with a decrease in amylose

opolymer, (c) high amylose St-g-SA copolymer, (d) magnification of waxy St-g-SA
olymer and (g) high amylose St-g-SA copolymer, respectively, after being extracted
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ontent, partly, since incomplete gelatinized starch granules with
oor absorbency decrease water absorbent capacity of copolymers.

t can be inferred that lower amylose content of starch will record
igher water absorbency and grafting ratio.

.4. Morphological analysis

The morphologies of surfaces of copolymer films are illustrated
ig. 5. It can be seen from Fig. 5a that the surface of waxy St-g-SA
opolymer has some arabesquitic objects like decorative patterns
ending to get together to form some certain structures found
y further magnifying (Fig. 5d). The surfaces of maize and high
mylose St-g-SA copolymer films not only show patterns that
re similar to decorative patterns on the surface of waxy St-g-SA
opolymer film, but also can see some papillary protrusions. In
ddition, comparing Fig. 5b and c, it can be noticed that the gran-
les on the latter are bigger than the former. The SEM photographs
f surface of copolymer film being soaked into dioxane to extract
rabesquitic objects with Soxhlet extraction method for 12 h at
05 ◦C are observed and are shown in Fig. 5e–g. Patterns on the sur-
ace of copolymers are removed resulting from dioxane dissolution.
elf-polymerize of acrylic acid easily produce homopolymer. Diox-
ne can dissolve acrylic acid homopolymer (Witono et al., 2013),
hich indicates that those patterns on surfaces of copolymer are

crylic acid homopolymers. Waxy St-g-SA copolymer has a smooth
urface (Fig. 5e) and maize St-g-SA copolymer has coarse surface

ith varied size particles, and high amylose St-g-SA copolymer has

ome larger particles on surface (Fig. 5g). These particles, partly
issolving or deforming owing to the change of surface tension
fter a long time impregnating, seem to be incomplete gelatinized

ig. 6. SEM photographs of (a) waxy starch, (b) maize starch, (c) high amylose starch, and
mylose  St-g-SA copolymer, (g) magnification of waxy St-g-SA copolymer to 100,000×, (
igh  amylose St-g-SA copolymer to 100,000×.
mers 102 (2014) 453– 459 457

starch, which can be confirmed by the following cross section SEM
photographs of copolymers.

The starches and the cross sections of copolymer films are
observed by scanning electron microscopy as shown in Fig. 6. The
starch granules (Fig. 6a–c) have an irregular shape with smooth sur-
face and varied particle sizes as reported previously by Lanthong
et al. (2006). The cross section of waxy St-g-SA copolymer shows
very smooth and homogeneous without any granules, and maize
St-g-SA copolymer and high amylose St-g-SA copolymer show a
coarse cross section with granules as shown in Fig. 6d–f. In addi-
tion, further magnifying also proves the same result and finds
these granules are aggregation of nano particles. It can be also
concluded from Figs. 5 and 6 that lack of compatibility between
granules and copolymers makes a coarse surface and the nonuni-
form microstructure of copolymer. This observation indicates that
the amylose content has obvious influence on the microstructure
of copolymers.

The morphologies observed give a conjecture that those gran-
ules appearing on surface and cross section of copolymer may be
incomplete gelatinized starch particles or aggregates, forming two
phase system with grafted copolymer tending to separate and in-
phase polymerization as shown in Fig. 6e and f. So further work was
taken and the result is the proof of previous conjecture.

To demonstrate the previous conjecture, waxy, maize and high
amylose starches were gelatinized at 100 ◦C (waxy and maize
starches) and 120 ◦C (high amylose starch) for 30 min  in an auto-

clave, then were poured onto a polytetrafluoroethylene dish and
were dried at 65 ◦C for 12 h to form films, finally dried at 105 ◦C to
a constant weight. The SEM images of starch films cross sections
are shown in Fig. 7. As can be seen, the cross section of waxy starch

 cross sections of (d) waxy St-g-SA copolymer, (e) maize St-g-SA copolymer, (f) high
h) magnification of maize St-g-SA copolymer to 100,000× and (i) magnification of
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Fig. 7. SEM photographs of starch films cross sections of

lm is smooth and homogeneous while the maize starch film is rela-
ively coarse with small particles. Fig. 7c shows that the film of high
mylose starch almost completely become nano particles, which
ndicates that those nano granules are incomplete gelatinized
tarch aggregates (Koch, Gillgren, Stading, & Andersson, 2010),
orresponding to the phenomenons appearing Fig. 5c and Fig. 6f.
ccording to the above observations from SEM, it can be concluded

hat the degree of starch gelatinization increases with a decrease
n amylose content and water absorbent capacity is also affected

ith amylose content via affecting the microstructure of copoly-
ers. The microstructure of waxy St-g-SA copolymer is smooth

nd homogeneous so that water can fully permeate into the poly-
eric network until equilibrium reaches and the network holds a

onsiderable volume of liquids by osmotic pressure between Na+

olution inside copolymer network and free water out of copoly-
er  network. However, incomplete gelatinized starch aggregates

xist in maize St-g-SA copolymer but not in resin chains, which
ill reduce ingress of water and water absorption capacity. Cer-

ainly, high amylose St-g-SA copolymer having more particles leads
o lower water absorption than the former.

The above results of SEM photographs are consistent with water
bsorbent capacity and grafting ratio. In a word, waxy St-g-SA
opolymer has smooth, homogeneous microstructure, high water
bsorbent capacity and high grafting ratio since waxy starch con-
aining low amylose content is favorable for gelatinization and
rafting.

.5. Dynamic mechanical thermal analysis (DMTA) and
echanical properties
The thermograms of PSA and copolymers are shown in Fig. 8.
t can be seen that there are two thermal transitions in each
hermogram. The first peak at a low temperature range can be
ttributed to some water induced relaxtion due to polymers strong

180160140120100806040
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Fig. 8. DMTA curves (tan ı) as a function of temperature for polymers.
axy starch, (b) maize starch and (c) high amylose starch.

hydrophilicity. Moreover, this peak shifts to higher temperature
with the increase of amylose content, corresponding to the water
absorbent capacity of polymers. And the second higher and obvi-
ous thermal transitions rang between 145 and 175 ◦C. The DMTA
results demonstrate that the values of transition peak of copoly-
mers are higher than that of PSA, which indicates that grafting
will increase the value of transition peak by increasing the ther-
mal  energy required to free polymer molecules from additional
constraints (Kennedy, Lyons, Geever, & Higginbotham, 2009).

In Fig. 8, the second transtion temperature of waxy St-g-SA
copolymer is the highest due to the reduction in the mobility of
kinetic units as a result of grafting and crosslinking (Kennedy et al.,
2009), which implies that waxy St-g-SA copolymer has higher graft-
ing ratio. The value of high amylose St-g-SA copolymer is relative
high. This is attributed to two  reasons: one is that amylose is a linear
molecule with an extended helical twist (Yun & Yoon, 2010) and its
move depends on long segments or even the whole chain. Another
is that most remnant rigid starch granules (shown in Fig. 6f) embed
in entangled matrix content amylose and amylopectin network
in copolymer, which might deteriorate the mobility and orienta-
tion of molecular chain by physical cross-links (Wang, Yu, Chang,
& Ma,  2008). The value of maize St-g-SA copolymer is close to PSA,
which is mainly related to few remnant starch granules (shown in
Fig. 6e). To some extent, these thermograms reflect the microphase
separation which exists within starches and grafted copolymers,
corresponding to the results of SEM.

The elongation at break of PSA, waxy, maize and high amylose
St-g-SA polymer is 117%, 239%, 152% and 187%, respectively. The
elongations at break of copolymers are higher than that of PSA. The
elongation at break of waxy St-g-SA copolymer is the highest, which
attributes to its high grafting ratio. However, the high amylose St-
g-SA copolymer has rather high elongation at break, it could be
explained that the copolymer was enhanced by the ungrafted high
amylose starch (Yun & Yoon, 2010). The results are related to that
of DMTA.

4. Conclusions

In this study, the property and microstructure of St-g-SA copoly-
mers based on three kind starches with different amylose content
have been investigated.

The FTIR and solid state 13C NMR  results indicated that three
kind starches were successfully grafted onto sodium acrylate
chains. The water absorbent capacity of waxy, maize and high
amylose St-g-SA copolymers is 1800 g/g, 1300 g/g and 1100 g/g,
respectively. Grafting ratio also increased with decreasing amy-
lose content. SEM results indicated that waxy St-g-SA copolymer
film was smooth and homogeneous, and microstructures of maize

and high amylose St-g-SA copolymers were heterogeneous show-
ing incomplete gelatinized starch aggregates on surface and cross
section. St-g-SA copolymers based on lower amylose content
had smoother surface, cross section and more homogeneous
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