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Abstract

Starch modified by combination with sodium carboxymethylcellulose (CMC) has been reported to have improved film properties. In
this study, rice starches with different amylose content were heat-treated in a dry state after being impregnated with low or medium-
viscosity CMC. Noticeable change was found in pasting properties of the starches after dry heat treatment with CMC. It indicated that
crosslinkage occurred between the starch and CMC. The waxy starch showed significant change in viscosity throughout pasting after dry
heating with CMC, suggesting that the ester bonds were mostly formed between the hydroxyl groups in amylopectin branches of rice
starch and carboxylate acid groups of CMC. Particle size also increased after heat treatment with CMC. The modified starch-based films
showed improvement in the tensile strength. Both water vapor and oxygen permeability reduced for the modified starch-based films.
Dynamic mechanical analysis (DMA) study showed that the values of G0 of modified starch-based film were higher than those of native
starch-based film over the temperature range �40 to 60 �C. The heating process with CMC could be used as a modification method for
starch and provide desirable properties of starch-based films.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

There is considerable interest in the development of
starch-based films because they fulfill an increasing need
for biodegradable packaging. Starches from different
botanical origins, such as potato, corn, wheat, rice, and
cassava, both natural and modified, have been utilized,
mainly in the manufacture of starch-based edible films
(Lourdin, Della Valle, & Colonna, 1995; Ollett, Parker,
& Smith, 1991; Tapia-Blácido, Sobral, & Menegalli,
2005). The edible films not only contribute to food protec-
tion and shelf-life prolongation but also protect the envi-
ronment from plastic waste (Arvanitoyannis & Biliaderis,
1998; Debeaufort, Quezada-Gallo, & Volley, 1998) and
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provide a potential new use for surplus farm production
(Okada, 2002; Pavlath & Robertson, 1999).

Starch is a natural polymer that can readily be cast into
films. The matrix of starch-based films is normally formed
during the drying of a gelatinized dispersion, as hydrogen
bonds form between hydroxyl groups (Lourdin et al.,
1995). As these interactions are weak, the mechanical prop-
erties of starch-based films are of poor quality (Tapia-Blá-
cido et al., 2005). Unless genetically or chemically
modified, starch cannot form films with adequate mechan-
ical properties (high percentage elongation, tensile and flex-
ural strength) (Arvanitoyannis & Biliaderis, 1999).

Carboxymethyl-cellulose (CMC), xanthan, guar, and
arabic gum, which are water-soluble heteropolysaccharides
with high molecular weight are often used together with
starches to provide proper texture, control moisture and
water mobility, and improve overall product quality and/
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or stability (Aguirre-Cruz, Méndez-Montealvo, Solorza-
Feria, & Bello-Pérez, 2005; Gurkin, 2002; Shi & BeMiller,
2002).

In addition to biodegradability, processes to produce
starch-based films that use little or no toxic chemicals
and produce less waste are preferred. Chiu, Schiermeyer,
Thomas, & Shah, 1998 found that heating dry starch or
flour at >100 �C for several hours provides functionality
equivalent to chemical cross-linking. Recently, modifica-
tion of starch by dry heating with ionic gums has been
studied (Lim, BeMiller, & Lim, 2003; Lim, Han, Lim, &
BeMiller, 2002). They reported that anionic food gums
reacted with starch during dry heating, producing signifi-
cant changes in pasting properties of the starch. They also
found out that with proper selection of ionic gum and
control of reaction conditions, a dry heating process can
provide desirable starch functionality. In this study, we
investigated the use of rice starch–CMC granules formed
by dry heating to determine their film properties and the
characteristics of amylose content on pasting and film
properties.

2. Materials and methods

2.1. Materials

Waxy (CM 101), medium (M202), and long (Cocodrie)
grain rice samples were grown and milled by the California
Cooperative Rice Research Foundation, Biggs, CA. Low-
viscosity and medium-viscosity sodium carboxymethylcel-
lulose (CMC) were purchased from Sigma Chemical Co.
(St. Louis, MO, USA). Protease N ‘‘Amano” (activity
150,000 U/g, optimum pH 7.5) provided by Amano Phar-
maceutical Co. Ltd., (Nagoya, Japan) was used to isolate
the rice starches.

2.2. Isolation of rice starch

Milled rice (50 g) was soaked in 150 ml deionized water
for 18 h. The rice and water were then blended in a Waring
blender for 3 min. The initial pH of the solution was
adjusted to 8.5 and Protease N (100 U/ml) was added.
The protease hydrolysis was conducted at 50 �C for 4 h
with constant stirring. After the hydrolysis the slurry was
centrifuged at 10,000g for 10 min. The supernatant and
the surface brown layer of the starch were removed and
the lower white starch layer was washed with deionized
water followed by centrifugation. The washed starch was
freeze dried, passed through a 200 mesh sieve and stored
until analyzed.

2.3. Measurement of amylose content

Amylose content of isolated rice starches was analyzed
in triplicate with an Amylose/Amylopectin assay kit based
on the concanavalin A method (Megazyme International
Ireland Ltd., Bray, Co. Wicklow, Ireland).
2.4. Starch modification by dry heat treatment with gums

The starches were modified by dry heating with gums
according to Lim et al. (2002). CMC (0.1 g) was added to
distilled water (20 ml) with vigorous stirring. After the
gum was completely dissolved, starch (9.9 g) was added
to the gum solution and stirred for 30 min at room temper-
ature. The whole dispersion was transferred into a glass
dish and dried at 45 �C in an oven to a moisture content
of less than 10% (based on starch). The starch–CMC mix-
ture was heated in an electric oven at 130 �C for 4 h. The
starches without gum treatment were concurrently heated
as control.

2.5. Preparation of starch-based films

Three grams of native or modified starch (starch mod-
ified by dry heat treatment with 1% low-viscosity CMC
as described above) was added to 50 ml distilled water
with vigorous stirring. The dispersion was heated to
95 �C and held for 10 min. Afterwards, the starch disper-
sion was mixed with CMC and glycerol solution (0.5 g
CMC and 0.7 g glycerol in 50 ml distilled water) and stir-
red for 10 min. The dispersion was then cooled at 40 �C
and degassed to release all air bubbles. Films were pre-
pared by casting. Dispersions (20 ml) were poured on
each polyethylene Petri dish of 8 cm in diameter and
dried at room temperature until constant weight (approx-
imately 12 h).

2.6. Pasting properties of native and modified starches

The pasting properties of native and modified starches
were determined in triplicate on a rotational rheometer
(Rheolyst AR 1000, TA instrument, New Castle. DE,
USA). A cone and plate geometry was used. The cone
was made from a polysulfone plastic with 4� angle and
60 mm in diameter. Starch dispersions (8.8%, w/v) were
prepared with degassed water. The starch was dispersed
in the water with stirring for 5 min under vacuum before
loading between the cone and the bottom plate. The fol-
lowing program was used for the pasting of the starch slur-
ries. After loading starch dispersion between the cone and
plate, it was equilibrated to 50 �C for 1 min at 200 s�1. The
temperature was raised to 95 �C at the rate of 12 �C/min,
holding at 95 �C for 2 min 30 s. The temperature was then
decreased to 50 �C at the same rate, and finally holding at
50 �C for 1 min. The shear rate during the pasting was
maintained at 200 s�1.

2.7. Particle size distribution of native and modified starches

Native or modified starch samples (100 mg) were dis-
persed in 5 ml of water and stirred for 10 min. The disper-
sion was then analyzed for particle size distribution with
laser diffraction in triplicate with a Microtrac S3500
(Microtrac Inc., North Largo, FL, USA).
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2.8. Tensile strength and percentage elongation of starch-

based films

Tensile strength and percentage elongation of native and
modified starch-based films were measured on dumbbells,
after their equilibration at various relative humidities
according to D828-88 (ASTM, 1989), using a Mechanical
Universal Testing Machine Instron 5500R-1122. Measure-
ment conditions and calculations of tensile strength and
percentage elongation were made as previously described
(Arvanitoyannis and Psomiadou, 1994). The results are
the average of five samples.

2.9. Oxygen permeability (PO2) determination of starch-
based films

The Oxygen permeability (PO2) values were determined
using a MOCON unit (Ox-Tran 100A, Modern Control
Inc., Minneapolis, MN) according to ASTM D3985-81
Standard Method (ASTM, 1993). Film samples were
masked by aluminum foil mask with effective film test area
of 5 cm2. Tests were performed at 25 ± 2 �C and 50% rela-
tive humidity. PO2 was calculated by multiplying oxygen
gas transmission rate (OGTR) with the thickness and
dividing by partial pressure difference of oxygen across
the films’ surface.

2.10. Water vapor permeability (WVP) determination of

starch-based films

The water vapor permeability (WVP) values were deter-
mined according to ASTM (1987) method E96 with some
modifications. Films were sealed on cups containing CaCl2.
Test cups were placed in a desiccator cabinet at 25 �C and
90% relative humidity (BaCl2 saturated solution). Periodi-
cal weightings monitored the weight changes. The WVP
was calculated from the slope (C) of a linear regression
of weight increase vs. time.

WVP ¼ C � X
A� DP

;

where X is the film thickness; A is the area of exposed film
and DP is the differential water vapor partial pressure
across the film.
Table 1
Amylose content and paste viscogram data of starches before (B) and after (A

Samples Amylose content (%) Pasting onset temperature (�C)

CM101 B 0.80 65.7 ± 0.1
CM101 A 63.8 ± 0.1
M202 B 13.4 67.7 ± 0.1
M202 A 66.0 ± 0.1
Cocodrie B 20.8 73.0 ± 0.2
Cocodrie A 72.1 ± 0.2
2.11. Dynamic mechanical analysis (DMA) of starch-based

films

Native or modified starch-based films were mounted in a
dynamic mechanical analyzer (Model Q800, TA Instru-
ment, USA) and equilibrated at 25 �C. The storage modu-
lus (G0), loss modulus (G00) and tan delta were measured at
a frequency of 1 Hz. Tests were performed at 25 �C and
50% relative humidity. The results are the average of five
samples.

Dynamic mechanical behavior was determined in tripli-
cate at 1 Hz and a heating rate of 2.5 �C /min in the tem-
perature range from �40 to 60 �C.

3. Results and discussion

3.1. Heat treatment without CMC

Amylose content and paste viscogram data of isolated
native starches before and after dry heating are presented
in Table 1. It was found that for the native rice starches,
the pasting onset and peak temperature correlated posi-
tively with amylose content, which was consistent with pre-
vious reports (El-Khayat, Samaan, & Brennan, 2003). The
starches displayed a trend in which the pasting onset tem-
perature, peak viscosity and final viscosity decreased after
dry heating. Lim et al. (2002) reported the similar results
of maize starch after heat treatment. They found out that
the acidity (pH 5.1) of the commercial waxy maize starch
was responsible for the viscosity decrease. But in our study,
the pH of all the isolated rice starch dispersions was neutral
(pH 6.7) and therefore pH was not the cause of the viscos-
ity decrease.

3.2. Heat treatment with low-viscosity CMC

Table 2 Shows paste viscogram data of starches before
and after dry heat treatment with 1% low-viscosity CMC.
Heat treatment with CMC raised the peak and final viscos-
ities of all the starches (Table 2), compared to native
starches without modification (Table 1). The waxy starch
(CM101) exhibited the most remarkable increase in viscos-
ity throughout pasting after dry heating with 1% low-vis-
cosity CMC (Fig. 1). It suggested that the starch with
more amylopectin was more easily to react with CMC.
) dry heating

Peak temperature (�C) Peak viscosity (Pa s) Final viscosity (Pa s)

71.7 ± 0.1 0.79 ± 0.02 0.76 ± 0.01
72.0 ± 0.2 0.74 ± 0.01 0.70 ± 0.01
91.4 ± 0.1 0.57 ± 0.02 0.65 ± 0.03
91.5 ± 0.2 0.52 ± 0.01 0.54 ± 0.03
93.5 ± 0.1 0.43 ± 0.03 0.59 ± 0.03
91.7 ± 0.1 0.34 ± 0.02 0.55 ± 0.03



Table 2
Paste viscogram data of starches before (B) and after (A) dry heat treatment with 1% low-viscosity CMC

Samples Pasting onset temperature (�C) Peak temperature (�C) Peak viscosity (Pa s) Final viscosity (Pa s)

CM101�1%CMC B 65.7 ± 0.1 73.1 ± 0.2 0.78 ± 0.02 0.76 ± 0.01
CM101�1%CMC A 65.4 ± 0.1 75.8 ± 0.2 0.99 ± 0.01 0.90 ± 0.02
M202�1%CMC B 68.0 ± 0.3 95.0 ± 0.2 0.52 ± 0.03 0.61 ± 0.03
M202�1%CMC A 67.4 ± 0.2 95.0 ± 0.2 0.62 ± 0.03 0.70 ± 0.03
Cocodrie�1%CMC B 74.5 ± 0.2 95.0 ± 0.3 0.37 ± 0.04 0.64 ± 0.02
Cocodrie�1%CMC A 72.4 ± 0.2 95.4 ± 0.2 0.48 ± 0.03 0.65 ± 0.03

Fig. 1. Pasting curve of CM101 starches before and after dry heat treatment with CMC at different concentrations.
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Paste viscogram data of starches before and after dry
heat treatment with 2% low-viscosity CMC are shown in
Table 3. Pasting onset and peak temperatures showed sim-
ilar trend to those of starches heat-treated with 1% low-vis-
cosity CMC. Dry heat treatment with 2% low-viscosity
CMC decreased the peak and final viscosity of all the
starches. The decrease of the viscosities was found nega-
tively correlated to the amylose content of different rice
starches. Waxy (CM101) starch–CMC mixture with the
peak viscosity of 0.04 Pa s and final viscosity of 0.1 Pa s
showed the most remarkable decrease in viscosity through-
Table 3
Paste viscogram data of starches before (B) and after (A) dry heat treatment

Samples Pasting onset temperature (�C) Peak te

CM101+2%CMC B 64.7 ± 0.2 70.8 ± 0
CM101+2%CMC A 64.1 ± 0.1 72.0 ± 0
M202+2%CMC B 67.4 ± 0.2 91.4 ± 0
M202+2%CMC A 66.7 ± 0.1 94.7 ± 0
Cocodrie+2%CMC B 73.5 ± 0.2 91.4 ± 0
Cocodrie+2%CMC A 70.0 ± 0.1 95.0 ± 0
out pasting after heat treatment with 2% low-viscosity
CMC (Fig. 1). Lim et al. (2003) reported that ester bond
could be formed between the starch and CMC when the
starch and gum mixture were dry-heated. Since the waxy
starch showed greater decrease in viscosity after heat
treatment as compared to the other two starches (Tables
2 and 3), a higher number of ester crosslinks was thought
to be formed between the waxy starch and CMC. This
would suggest that the ester bonds were mostly formed
between the hydroxyl groups in amylopectin of the starch
and carboxylate acid groups of CMC.
with 2% low-viscosity CMC

mperature (�C) Peak viscosity (Pa s) Final viscosity (Pa s)

.2 0.99 ± 0.01 0.80 ± 0.03

.2 0.04 ± 0.01 0.10 ± 0.02

.1 0.60 ± 0.03 0.67 ± 0.02

.2 0.43 ± 0.01 0.36 ± 0.01

.3 0.39 ± 0.03 0.57 ± 0.04

.2 0.33 ± 0.01 0.28 ± 0.02
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3.3. Heat treatment with medium-viscosity CMC

Paste viscogram data of starches before and after dry
heat treatment with 1% medium-viscosity CMC are pre-
sented in Table 4. Peak viscosities of all the starch
decreased after dry heating, which was similar to those
obtained by heat treatment with 2% low-viscosity CMC
(Table 3). However, final viscosity increased after dry heat-
ing, which was similar to those obtained by heat treatment
with 1% low-viscosity CMC (Table 2). No clear peak vis-
cosity of waxy starch–CMC (1% medium-viscosity CMC)
mixture was seen on the pasting curve (Fig. 1). The viscos-
ity was maintained during the holding period at 95 �C, and
the final viscosity was significantly higher than the peak vis-
cosity. It indicated that the swelling of starch granules was
restricted and shear-stabilization of the starch was pro-
vided by dry heat treatment with 1% medium-viscosity
CMC. This was similar to those obtained with chemical
cross-linking.

Great change in pasting properties was observed when
the medium-viscosity CMC concentration increased from
1 to 2% (Table 5). No peak viscosity and very low final vis-
cosity were found of the starches heat-treated with 2%
medium-viscosity CMC. This suggested that the swelling
and pasting of starch granules were completely inhibited.

3.4. Particle size distribution of starches before and after

treatment

In order to address the relationship between the pasting
behavior and the effect of dry heat treatment on the rice
starches, particle size distribution of starches before and
after treatment was measured to investigate the change in
granule size and the specific combination of gum and
starch during dry heating.

Dry heating without gum did not produce any remark-
able change in the particle size of rice starches (Table 6).
Table 4
Paste viscogram data of starches before (B) and after (A) dry heat treatment

Samples Pasting onset temperature (�C) Peak te

CM101+1%CMC B 64.8 ± 0.2 71.7 ± 0
CM101+1%CMC A 64.7 ± 0.2 76.1 ± 0
M202+1%CMC B 66.3 ± 0.2 91.1 ± 0
M202+1%CMC A 66.2 ± 0.1 90.7 ± 0
Cocodrie+1%CMC B 72.7 ± 0.2 91.7 ± 0
Cocodrie+1%CMC A 68.4 ± 0.2 90.7 ± 0

Table 5
Paste viscogram data of starches before (B) and after (A) dry heat treatment

Samples Pasting onset temperature (�C) Peak te

CM101+2%CMC B 65.4 ± 0.2 71.5 ± 0
CM101+2%CMC A 64.2 ± 0.2 –
M202+2%CMC B 65.5 ± 0.1 91.2 ± 0
M202+2%CMC A 63.9 ± 0.1 –
Cocodrie+2%CMC B 71.4 ± 0.2 92.1 ± 0
Cocodrie+2%CMC A 67.8 ± 0.3 –
The starch–CMC mixture before heat treatment also
showed similar particle size to that of native starch. But sig-
nificant change was found after the starches were dry heat-
treated with CMC. The starch granule size increased dra-
matically and displayed bi-modal size distributions after
heat treatment with low-viscosity CMC. This indicated
that the starch molecules reacted with the CMC molecules.
More than 50% of the rice starches with the particle size of
less than 6 lm (5.62, 5.30 and 5.43 lm) did not react with
CMC molecule after dry heat treatment with 1% low-vis-
cosity CMC (Table 6). But when the concentration of
CMC increased to 2%, only about 30% of the starches with
the particle size of less than 6 lm (5.51, 5.48 and 5.40 lm)
did not participate the reaction. CMC is multi-carboxyl-
ated so that at low concentration (1% CMC), the amount
of starch molecules was more than CMC molecules. Thus,
more than one starch chains could react with a gum mole-
cule. But at higher concentration of CMC (2%), since the
amylopectin of the starch has a lot of branch chains, one
starch molecule could esterify to more than one CMC mol-
ecule. High crosslinkage was thusly formed between the
starch and CMC molecules, which inhibited the swelling
of the rice starches during pasting. It was reported that
the viscosity of rice starch dispersion correlated positively
with starch granule swelling during pasting (Li, Shoe-
maker, Ma, Kim, & Zhong, in press). From Table 3, both
peak and final viscosities of the rice starches reduced when
low-viscosity CMC increased to 2% concentration.

The rice starches also displayed bi-modal size distribu-
tions after heat treatment with 1% medium-viscosity
CMC. But the shape of the size distributions changed from
bi-modal to single peaked distribution with significant
increase in particle size when the concentration increased
to 2% (Table 6). This suggested that the starch molecules
were highly esterified with CMC molecules. From Table
5, no pasting characters of rice starches were found after
dry heat treatment with 2% medium-viscosity CMC. Since
with 1% medium-viscosity CMC

mperature (�C) Peak viscosity (Pa s) Final viscosity (Pa s)

.2 0.92 ± 0.02 0.64 ± 0.01

.2 0.57 ± 0.03 0.89 ± 0.02

.1 0.59 ± 0.04 0.51 ± 0.02

.1 0.48 ± 0.03 0.70 ± 0.02

.2 0.42 ± 0.04 0.46 ± 0.03

.2 0.33 ± 0.03 0.68 ± 0.02

with 2% medium-viscosity CMC

mperature (�C) Peak viscosity (Pa s) Final viscosity (Pa s)

.1 1.07 ± 0.03 0.89 ± 0.02
– 0.01 ± 0.01

.2 0.68 ± 0.04 0.66 ± 0.03
– 0.11 ± 0.02

.2 0.58 ± 0.04 0.58 ± 0.02
– 0.04 ± 0.02



Table 6
Particle size distribution before (B) and after (A) dry heat treatment with CMC

Samples Particle size distribution (lm)

Native
starch

Heat
treatment
without
CMC

Starch+1%
CMC (L) Ba

Starch+1%
CMC (L) Ab

Starch+2%
CMC (L) B

Starch+2%
CMC (L) A

Starch+1%
CMC (M) Bc

Starch+1%
CMC (M) Ad

Starch+2%
CMC (M) B

Starch+2%
CMC (M) A

CM101 4.35 4.39 4.3 84.9 (45.1%)e 4.31 62.5 (64.9%) 4.32 65.1 (50.6%) 4.3 82.7
5.62 (54.9%) 5.51 (35.1%) 10.5 (49.4%)

M202 4.24 4.31 4.4 61.6 (45.8%) 4.25 58.2 (65.2%) 4.29 70.1 (60.7%) 4.26 105.9
5.50 (54.2%) 5.48 (34.8%) 6.91 (39.3%)

Cocodrie 4.39 4.45 4.4 71.6 (47.3%) 4.36 63.8 (70%) 4.38 59.9 (61.2%) 4.21 97.4
5.43 (52.7%) 5.40(30%) 6.36 (38.8%)

a The starches were mixed with 1% low-viscosity CMC before heating.
b The starches were heat-treated in a dry state after being impregnated with 1% low-viscosity CMC.
c The starches were mixed with 1% medium-viscosity CMC before heating.
d The starches were heat-treated in a dry state after being impregnated with 1% medium-viscosity CMC.
e There were 45.1% of the granules with average particle size of 84.9 lm.

Fig. 2. Tensile strength and percentage elongation of native and modified
starch-based films.

Y. Li et al. / Food Chemistry 109 (2008) 616–623 621
high crosslinkage and interaction between starch and CMC
molecules were occurred, the swelling and pasting of starch
granules were completely inhibited.

From the results above, the change in pasting properties
and the increase in particle size of starch–CMC mixture
depended on the reaction level of the combination between
the starch and CMC. It indicated that crosslinkage
occurred between the starch and CMC. The crosslinkage
level depended on the amount of CMC and starch, which
participated in the forming of ester linkage, as well as the
viscosity of CMC.

3.5. Tensile strength and percentage elongation of starch-
based films

Native and modified starches (from traditional and
alternative sources) have long been used for the formation
of starch-based edible films and coatings (Jansson & Thu-
vnander, 2004). The current trend is to look for alternative
sources of starch with better physicochemical and func-
tional characteristics (Romero-Bastida, Bello-Péreza,
Garcı́a, Martino, Solorza-Feria, & Zaritzky, 2005). In
our study, the rice starches dry heat-treated with 1% low-
viscosity CMC were chosen for the formation of edible
films to compare with those native rice starch-based films.

Tensile strength and percentage elongation of native and
modified starch-based films are presented in Fig. 2. The
modified starch-based films showed significant improve-
ment in the tensile strength. Crosslinkage between the
starch and CMC resulted in more compact molecule struc-
tures of starch–CMC mixture and tensile strength was
thusly increased. It was found that the tensile strength cor-
related positively with amylose content. Zobel (1988) found
that linear amylose molecules formed strong films whereas
branched amylopectin-based films were weak and brittle.
Although modified starch films had greater tensile strength
than the native starch film, no clear improvement of per-
centage elongation of modified starch-based films was
observed. Percentage elongation of modified M202
starch-based film was lower than that of native starch film.
This was probably attributed to a case of antiplasticization
by moisture which made the films more rigid rather than
flexible. Antiplasticization of mechanical properties of bio-



Table 8
Storage modulus (G0), loss modulus (G00) and tand of native and modified
starch-based films at room temperature

Samples G0 (MPa) G00’ (MPa) tand

Native Modified Native Modified Native Modified

Cocodrie 2537 2659 139.7 174.4 0.06 0.06
M202 2250 2304 152.8 145.4 0.07 0.06
CM101 1936 2268 123.2 144.5 0.06 0.06
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polymeric materials (including films) by water is a well-
known phenomenon (Chang, Cheah, & Seow, 2000; Seow,
Cheah, & Chang, 1999), though the basic mechanism
behind it is still far from clear.

3.6. Water vapor and oxygen permeability of starch-based
films

Water vapor permeability (WVP) and oxygen perme-
ability (PO2) of native and modified starch-based films
are presented in Table 7. Both WVP and PO2 decreased
for the modified starch-based films. WVP of a film is
believed to be dependent upon the number of ‘‘available’’
polar (–OH) groups that the polymer possesses (Cheng,
Karim, Norziah, & Seow, 2002). The carboxylate acid
groups of CMC reacted with the hydroxyl groups of the
starch to form an ester bond through dry heating which
would lead to the formation of a more highly structured
matrix and diminish the number of available –OH groups,
thereby impeding diffusion of water vapour. WVP of both
native and modified rice starch-based films was found to be
negatively correlated to the amylose content of different
rice starches. Waxy starch consists mainly of amylopectin,
which was more hydrophilic than amylose, resulting in
higher WVP of waxy starch-based film. PO2 of both native
and modified rice starch-based films also negatively corre-
lated to the amylose content of the starches. It was
reported that the structure of the starch granule with high
amylose content was highly strengthened and more rigid
(Lii, Tsai, & Tseng, 1996). High amylose starch would form
more compact and strong film, and inhibit the gas
permeability.

3.7. Dynamic mechanical properties of starch-based films

Table 8 shows the storage modulus (G0), loss modulus
(G00) and tand of native and modified starch-based films
at room temperature. The storage modulus is a measure
of the energy stored and recovered in a cyclic deformation
whereas the loss modulus is a measure of the energy dissi-
pated. Tand is the ratio of the energy lost to the energy
stored in a cyclic deformation (Ferry, 1980). After dry heat
treatment with CMC, the value of G0 of all modified starch-
based films increased (Table 8). But tand of around 0.06
was unchanged. The G0 of both native and modified
starch-based films was positively correlated to the amylose
content of the rice starches (Table 8). It was noticed that
Table 7
Water vapor and oxygen permeability of native and modified starch-based
films

Samples Water vapor permeability
(g mm/m2 h kPa)

Oxygen permeability
(cm3 mm/m2 h kPa)

Native Modified Native Modified

Cocodrie 0.665 ± 0.014 0.584 ± 0.009 0.681 ± 0.029 0.531 ± 0.004
M202 0.674 ± 0.015 0.595 ± 0.017 1.102 ± 0.031 0.962 ± 0.005
CM101 0.764 ± 0.016 0.625 ± 0.017 1.382 ± 0.020 1.172 ± 0.006
these results were similar to those of tensile strength and
percentage elongation results (Fig. 2). The storage modulus
and the loss modulus correlated positively to the tensile
strength and percentage elongation, respectively.

The storage (G0) and loss (G00) modulus of native and
modified CM101 starch-based films were determined as a
function of temperature (Fig. 3). DMA studies revealed
that both native and modified starch films had a decreasing
G0 of about 2700 and 3000 MPa, respectively over the tem-
perature range �40 to 60 �C. The decrease in the G0 sug-
gested that the material was becoming less elastic or
conversely more permanently deformable. The values of
G0 of modified starch-based film were higher than those
of native starch-based film, which indicated that the mod-
ified starch-based film were more elastic than the native
starch-based film. There was also a decrease in G00 over
the temperature range �40 to 60 �C. No significant
Fig. 3. Temperature dependence of the dynamic mechanical behaviors of
native and modified CM101 starch-based films.
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difference of G00 was observed between the native and mod-
ified starch-based film. It indicated that dry heating with
CMC had more effect on the storage modulus than the loss
modulus of the starch-based film.

4. Conclusion

The pasting properties of the starches after dry heat
treatment with CMC changed remarkably. Dry heating
with low-viscosity CMC at low concentration (1% CMC),
raised the peak and final viscosities and particle size of
all the starches. After heat-treated with 2% low-viscosity
CMC, the waxy starch showed significant decrease in vis-
cosity throughout pasting. It indicated that ester bonds
were formed between the hydroxyl groups in amylopectin
branches of the starch and carboxylate acid groups of
CMC. The pasting viscosity of waxy starch–CMC (1%
medium-viscosity CMC) mixture provided by dry heating
was similar to those obtained with chemical cross-linking.
The swelling of starch granules were completely inhibited
due to high esterification when heat-treated with 2% med-
ium-viscosity CMC carboxylates. Crosslinkage led to more
compact molecule structures of starch–CMC mixture,
resulting in the improvement in the tensile strength in mod-
ified starch-based film. Both water vapor and oxygen per-
meability decreased for the modified starch-based films,
and the values of G0 of modified starch-based film were
higher than those of native starch-based film over the tem-
perature range �40 to 60 �C. Dry heating process with
CMC at different viscosities and concentrations can pro-
vide desirable functionality of starch and starch-based film.
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