Carbohydrate Polymers 81 (2010) 554-559

journal homepage: www.elsevier.com/locate/carbpol

Contents lists available at ScienceDirect

Carbohydrate Polymers

The effect of moist heat treatment on the characteristic of starch-based
composite materials coating with chitosan

Baofeng Lin®P, Yumin Du®*, Yanming Li®, Xingquan Liang®, Xiaoying Wang4,
Wen Deng ¢, Xiaohui Wang9, Lei Li?, John F. Kennedy €

a Department of Environmental Science, College of Resource and Environmental Science, Wuhan University, Wuhan 430079, Hubei, China

b College of Chemistry and Chemical Engineering, Guangxi University, Nanning 530004, Guangxi, China

¢ College of Physics, Guangxi University, Nanning 530004, Guangxi, China

d State Key Laboratory of Pulp and Paper Engineering, School of Light Industry and Food, South China University of Technology, Guangzhou 510640, Guangdong, China
¢ Birmingham Carbohydrate and Protein Technology Group, School of Chemical Sciences, University of Birmingham, Birmingham B152TT, UK

ARTICLE INFO

Article history:

Received 18 December 2009

Received in revised form 3 March 2010
Accepted 3 March 2010

Available online 9 March 2010

Keywords:
Chitosan
Starch-based composite materials

ABSTRACT

The starch-based composite material (STM) was prepared with cassava starch and modified cellulose
and coated with chitosan to obtain better hydrophobic and heat-resistant properties. The hydrogen bond
interactions between chitosan and basic material were proven by FTIR. By the SEM analysis, the blends
showed a good compatibility and the cavities in STM was repaired and smoothed after coating. From the
results of polarized optical microscope, AFM and positron annihilation lifetime spectroscopy, coating the
STM with chitosan decreased the free volume of uncoated STM after moist heat treatment, the amorphous
regions of the latter absorbed water more easily than the former. The mechanical properties of uncoated
STM were inferior to the coated STM. Furthermore, chitosan coating decreased the gain weight and
slowed the dissolution rate of starch. This study shows chitosan coating could enhance the water barrier

Moist heat treatment

and heat-resistant properties of STM.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable starch-based composite materials, such as
starch/cellulose, starch/PVA (poly-vinyl alcohol), etc., have recently
been investigated due to great potential markets in agricultural
foils, garbage or composting bags, food packaging, fast food indus-
try as well as biomedical fields (Maria et al., 2009; Zhai, Zhao,
Fumio, & Tamikazu, 2004). Starch is renewable and biodegradable
polysaccharides, which is composed of amylose and amylopectin, a
linear and a branched polysaccharide chain, respectively. Starch has
been used to produce biodegradable material to partially or entirely
replace plastic polymers because of its low cost and renewability
(Shi et al., 2007).

Since chitosan (CS) is a biodegradable polysaccharide having
amine groups, much attention has been put on the utilization of
CS as functionalized polysaccharides. Studies on functionalized CS
blend films such as cellulose CS, PVA-CS blend film, etc., have been
reported (Maria et al., 2009). The water resistance properties of
above functionalized CS blend films could be increased by the
dry heat treatment to chitosan acetate film (Garnpimol, Ritthide,
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Thawatchai, & Tamotsu, 2002). Itis an alternative way to make com-
posite material with starch and other hydrophilic or hydrophobic
biopolymers.

However, starch-based materials have poor water resistance,
poor mechanical properties and instability with moist heat treat-
ment, which limited their wide applications. In most literatures for
starch-based film, its properties can be modified by the addition
of various chemicals in minor amounts. For example, plasticizers,
such as glycerol and sorbitol are often used to modify the mechan-
ical properties of the film (Rodriguez, Oses, Ziani, & Mate, 2006).
Jagannath, Nanjappa, Das Gupta, and Bawa (2003) blended starch
with different proteins or hydrophobic materials to decrease the
water vapor permeability of the films and to increase their tensile
strength. Some information is also available concerning the change
of physical properties of plasticized films based on starch with stor-
age (Fama’, Flores, Gerschenson, & Goyanes, 2006). Incorporation
of these additives may, somehow, cause some positive changes in
the barrier properties of the film. Still it cannot meet the standards
for practical applications.

In general, the characteristic of starch-based materials is often
sensitive and responsive to the changes in the environment such
as humidity, temperature and so on. In this paper, an efficient and
practical method is used to prepare starch-based composite mate-
rials by mixing cassava starch with modified cellulose, and coated
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with CSin order to solve the above problems especially the instabil-
ity with moist heat treatment. This work is focused on the effect of
moist heat treatment on the of uncoated and coated STM in terms of
FTIR, morphology and mechanical properties commonly. Moreover
the relationship between the properties and the microstructure of
STM was studied via positron annihilation lifetime spectroscopy
and the dissolution rate of starch for the first time. It provides a
new, simple and quantitative method to study microstructure and
water resistance of starch-based materials, which also provides an
insight to its characteristic response to moist heat treatment.

2. Experimental
2.1. Materials

Starch was supplied by Guangxi Maple Leaf Starch Co. (Nan-
ning, China). The original moisture content was 12 wt%. Chitosan
was supplied by Beihai halobios Co. Ltd., (Beihai, China), with a
deacetylation degree of 76% and the weight molecular weight of
1.24 x 10° Da.

2.2. Preparation of STM

Cassava, cellulose and glycerol were mixed in the molar ratio of
4:1:1.5. The mixture was sealed and stored for 24 h at room tem-
perature. The melt blending procedure was performed in the plat
vulcanizing press (Qingdao Secondly Rubber Machinery Co., Ltd.,
China) to prepare the basal material with the thickness of 400 pm.

CS solution of 2% (w/v) was coated on the double-sided of the
basal material (10cm x 10cm) by a casting/solvent evaporation
technique to make film with the thickness of one-side about 40 um.
The coated STM was dried in an oven at 50 °C for 2 h prior to further
treatment.

2.3. Characterization of STM

FTIR spectra were obtained on a Nexus-470 FTIR spectropho-
tometer (Nicolet Co., USA) by the method of transmission. The
samples were prepared by mixing the fine powder with KBr and
pressing.

The upper surface and fracture surface morphologies of the STM
were observed by Hitachi S-3400 SEM. Prior to the observation,
specimen was immersed into liquid nitrogen, fractured, and then
sputter coated with a thin layer of gold.

2.4. The morphology of STM

The non-coating and coated STM were exposed to moist heat
saturated steam at 100 °C for 30 min and soaked in 50 °C water for
30 min. The morphology was obtained by polarized optical micro-
scope (XPV-203E, Shanghai Changfang Optical Instrument Co., Ltd.,
China).

The surface morphology of the films was analyzed by atomic
force microscopy (AFM) with a Nanoscope III, Multimode (Digital
Instruments) with a 50 nm x 50 nm scan size and a 50 nm vertical
range. Measurements were taken from several areas of the film sur-
face using the tapping mode. The resulting data set for each sample
was transformed into a 3D image. The average sample roughness
was estimated with the Nanoscope 5.30r3sr3 software of the equip-
ment.

2.5. Positron lifetime measurements
The aliquot  of  the samples  with size of

10mm x 10 mm x 0.6 mm were cut and each of them composed of
two replicates. Positron annihilation lifetime spectroscopy (PALS)

was performed by using a conventional fast-fast spectrometer.
The positron source (22Na) with an activity 3.7 x 10° Bq, sealed in
a thin foil of Kapton, was mounted in a sample-source-sample
sandwich. PALS with a time resolution of 248 ps full-width at
half-maximum (FWHM) were recorded at room temperature
(25°C). Typical three-component analysis was performed using
the POSITRONFIT EXTENDED software.

2.6. Mechanical properties

STM was cut into dumbbell (GB/T1040-92), and its tensile
strength (TS) and reserved elongation at break (E) were measured
at microelectronics testing machine (Model CMT6502, Shenzhen
SANS Material Test Instrument Co., Ltd., China) with a crosshead
speed 25 mm/min. TS and E tests were replicated five times for each
type of film.

The samples were stored in a desiccator at 25 °C with 36% rel-
ative humidity for 48 h prior to further treatment, and then they
are exposed to moist heat treatment of saturated steam at 100°C
for 30 min and then soaked in 50 °C water for 30 min. The treated
STM was dried in an oven at 50 °C prior to measuring its mechanical
properties.

2.7. Water sorption (WS) of STM

To determine the amount of water absorbed, STM
(2.5cm x 2.5cm) were carefully cut, weighed (W;) and then
hang up at 100 °C hot steam. In every 10 min, excess surface water
was wiped off using filter paper and the weight of the film was
measured (W,). The water sorption was calculated using the
following formula: WS (%)=(W, — W71)/W; x 100%.

2.8. The dissolution rate of starch (Tim et al., 2007)

To determine the dissolution rate of starch of STM, STM
(2.5cm x 2.5cm) was carefully cut, and then immersed in dis-
tilled water at 100 °C for 5 min. After cooling at room temperature,
iodine reagent (V=0.1ml, 1g iodine and 4 g potassium iodide in
100 ml water) was added to the above solution. Subsequently, the
absorbance at 600 nm (A7) was measured at 25 °C. Another piece
of STM (2.5cm x 2.5cm) was heated in 100°C water to dissolve
completely. The solution was treated the same as above, then the
absorbance was measured at the same condition (Ag). The ratio
A1/Ap can be used as a measure for dissolution rate of starch.

3. Results and discussion
3.1. Structure and morphology characterization

FTIR spectra of CS and STM were showed in Fig. 1. Before coating,
the broad band at 3410 cm~! ascribed to the stretching vibration of
the ~OH group of starch. The band at 1645 cm~! was ascribed to the
8 (0-H) bending of water in starch (Xu, Kim, Hanna, & Nag, 2005).
When two or more substances are mixed, the physical blends ver-
sus chemical interactions are reflected by changes in characteristic
adsorption peaks. After CS coating, the broad band at 3410 cm™! of
the —OH stretching in basal material shifted to 3432 cm~!, which
overlaps the -NH; stretching of CS coating in the same region. The
bands at 1645 cm~! of the § (O-H) bending of water in basal mate-
rial shifted to 1637 cm~!. Lower peak wave number means stronger
interactions (Pawlak & Mucha, 2003). This result indicated that
interactions were present between the hydroxyl groups of starch
and the amino groups of CS (Aoi, Takasu, Tsuchiya, & Okada, 1998).
It also shows a certain degree of miscibility between the starch in
the basal film and the coating CS.
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Fig. 1. The IR spectra of CS and STM (before and after coating with CS).

Fig. 2 shows the images of the upper surfaces and the fracture
surfaces of starch-based composite film before and after coating.
The upper surface of the film with CS coating was very smooth,
which was significantly different from the materials without CS

15.0kv  x1,000 SE

coating; obviously, it was due to the coating of CS, which is dis-
tributed uniformly on the upper surface. Furthermore, the fracture
surface of starch-based composite material before and after coating
was similar. It was found that the incorporation of starch and cel-
lulose into the material resulted in a significant change of fracture
morphologies. Their cross-sections were rough and some discon-
tinuousness was observed. These surface differences are expected
to have great influence on the mechanical properties of the mate-
rials.

3.2. Effect of moist heat treatment on the morphology

Both untreated and treated composite materials are shown in
Fig. 3. It was obvious that the materials without coating were
swelled, softened and eventually dissolved a little when they were
steamed or soaked in hot water. It was due to that water was
adsorbed on starch by hydrogen bonding with the hydroxyl groups
on the starch chains when the material was treated by hot water
or steam (Mali, Sakanaka, Yamashita, & Grossmann, 2005). After
coating the materials spent slightly longer time to swell when they
were treated under the same condition. It meant that CS coating
could enhance the water barrier and heat-resistant properties of
starch-based composite material.

Fig. 4 shows detailed information of the surface morphology of
the CS coating. It was obvious that untreated coating had smooth

x200 SE

15.0kv

Fig. 2. SEM images of STM before (a1 and a2) and after (b1 and b2) coating with CS: (a1 and b1) upper surface and (a2 and b2) fracture surface.
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Fig. 3. Optical micrographs of STM before and after moist heat treatment: (al and b1) no treatment; (a2 and b2) hot water vapor; (a3 and b3) soak in hot water.

surface and CS molecular chain arranged in order and closely
packed. After treated by moisture heat vapor of 100 °C hot steam,
the coating had accidented surface but the coating still retain in
its integrity. The mean roughness (Ra) is the arithmetic average of
the deviations from the center plane. From the results of rough-
ness analysis, Ra of untreated CS film was 7.078 nm while Ra of
treated CS film was 23.017 nm. The work of Joseph, Jedediah, and
John (2004) pointed out the fact that the permeability is highly
affected by how closely the polymer chains are packed. There is a
positive correlation between water vapor permeability and rough-
ness (Parris, Coffin, Joubran, & Pessen, 1995). The higher roughness
resulted in the higher water vapor permeability.

From the results of AFM, before treated with 100°C hot steam
CS molecular chain had arranged in order and closely packed like a
barrier to prevent the passage of water and heat from surrounding
into STM. Furthermore untreated STM had lower water vapor per-
meability because it had lower Ra. More water vapor could steam
more heat at the same time and same area of the film (Thomas,

nm

100.000

Fre’de’ric, & Andre’e, 2007). So untreated CS film could prevent the
transfer of water and heat because it was much more uniform and
compact molecular chains and lower Ra. By contraries, after treated
with 100°C hot steam CS molecular chain had arranged out of
order and the surface was accidented with higher Ra, which meant
treated STM would facilitate to the transport of water. The coating
was corroded which induced water vapor permeated through the
basal material. The water molecular infiltrated through amorphous
area of the film. CS molecular chain had twisted one another by a
strong hydrogen bonding interaction between CS and water. As a
result, water molecular permeated through treated STM more eas-
ily. Namely, the hydrophobic and heat-resistant ability of treated
STM became weakly.

3.3. PALS analysis

All PALS were resolved into three components using POSITRON-
FIT EXTENDED software. The first lifetime (t;), intensity (I;)

nm

100.000

Fig. 4. AFM topographic images (data scale 50 nm) of CS coating of untreated (A) and treated (B) by hot water vapor.
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Table 1

Positron annihilation lifetime of STM.
Sample  71/ps T2/ps 73/ps L%  DL[% L]%  Tm[ps
1# 185+2 408 +£16 1562 +29 283 51.8 19.8 583.18
2# 189 +2 418+ 15 1686 +32 304 503 193 593.63
3# 203 +3 449+19 1781 +42 354 463 18.3 605.73
4# 205 +3 447 +£20 1646 +41 355 48.2 17.3 568.18
5# 199 +2 417 +£18 1614 +32 31.7 493 19.0 575.42
6# 194 +2 417 £17 1659 +33 303 51.0 18.6 580.39

14, 2# and 3#: starch-based composite material without coating CS; 4#, 5# and6#:
starch-based composite material with coating CS; 1# and 4#: no treatment; 2# and
5#: moisture heat treatment; 3# and 6#: soak in hot water.

and the second lifetime (7;), intensity (I;) were attributed
to the self-annihilation of para-positronium (p-Ps) and the
positron annihilation, respectively. The third lifetime (r3), inten-
sity (I3) results from the pick-off annihilation of o-Ps in the
free volume holes. t, stand for the average positron lifetime
(tm/ps=71 x I1 + T3 x I + T3 x I3). The relationship between the o-
Ps lifetime and the radius of the free volume hole R has been
established by an empirical equation (Wang et al., 2009) as follows:

3 = 1(1 —E-i-isinmrﬂ)il
372 Ro ' 27 Ro

whereR=Rp+ ARand (AR=0.166 nm) are the fitted empirical elec-
tron layer thickness. According to the equation, t3 is correlated with
the size of the free volume holes. The lifetime is sensitive to the size
of the trap: the large the trap, the longer the lifetime (Zs Kajcsos et
al.,2009). It was obvious in Table 1 that the value of the o-Ps lifetime
73 of STM before coating CS increased with the moist heat treatment
of 100 °C hot steam and soaked in 50 °C water. After socked in 50 °C
water, the positron annihilation lifetime (73) of non-coating STM
had increased 219 ps, but the t3 of STM after coating with the same
treatment just increased 13 ps. The results indicated that the big-
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ger the free volume, the higher the content of the water absorption
and the diffusion coefficient (Wang et al., 2009). Namely the amor-
phous regions of non-coating STM were easily water swelling and
formed loose white spots. The CS coating could enhance its water
resistance and stability with moist heat treatment. It was agreed
with the results of optical micrographs.

Table 1 shows that the intensity I5 of different treatment had no
significant change. It might be explained as follows: the STM had
the larger intermolecular-space holes, even after water molecules
permeated into the hole, there was still enough space for o-Ps anni-
hilation, therefore, and the entering water had little effect on the
number of the free volume holes (Mohamed & Hamdy, 2003). This
meant that the effect of water on the microstructure of STM was
mainly related to the size of free volume rather than the numbers
of the free volume.

3.4. Effect of moist heat treatment on the mechanic property

The change of mechanical properties of STM before and after
coating CS with different treatment and relative humidity (Ry)
were shown in Fig. 5. It was found that TS values of STM with
coating increased from 3.48 to 6.77 MPa. No matter which type
treatment was used, the TS values of STM with coating CS were
higher than that without coating. It meant that CS coating could
enhance the mechanical intensity, which agreed with the results of
optical micrographs and PALS.

E-Values of starch-based composite material after coating CS
with different treatment were changed slightly. But before coating
E-values had changed a lot especially when it was soaked in 50°C
water.

With the decrease of Ry, the TS increased. After coating with
CS, STM had better TS than that before coating in any cases with
different Ry. It meant that CS coating was a barrier of moisture.
With the increase of relative humidity, E-values of starch-based
composite material were increased.
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Fig. 5. The change of mechanical properties of STM.
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Fig. 6. The effect of heat moisture treatment on weight gain of STM.
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Fig. 7. The dissolution rate of starch after STM soaked in hot water.

3.5. The water resistant property

Fig. 6 shows that the weight gain of STM decreased from 72.5% to
40.3% after coating CS treated in high temperature steam (100°C)
for 30 min. As the weight gain of STM was decreased the water
absorption capacity of STM was also decreased. It meant that the
hydrophobic and heat-resistant property of STM was increased. It
was obvious that the weight gain of STM with coating was lower
than that without coating. It meant that CS could prevent STM from
absorbing water.

Fig. 7 shows that the dissolution rate of starch of STM without
coating increased to 4.15% rapidly especially in the first 15 min.
After soaking in water for 30 min, the dissolution rate of starch of
STM without coating was 5.22% while the coated one was 0.73%
only. The dissolution rate of starch of STM with coating increased
relatively slowly and lowered than that of without coating. When
STM was soaked in water, water molecular permeated through
the material and interacted to starch molecular. The interaction of
starch molecular was weak and starch was dissolved. As a result we
could see some holes on the surface of optical micrographs of STM.
After coating CS could effectively prevent the dissolution of starch
because CS molecular chain had arranged in order and formed a
compact film.

4. Conclusion

The starch-based composite materials coating with CS were
successfully prepared. The mechanical properties of STM were

largely improved after CS coating. After coating with CS, STM had
better properties of the water barrier and heat-resistant, indicat-
ing CS coating had modified the characteristic of STM effectively.
FTIR analyses of STM indicated that the hydrogen bond interac-
tion between CS and basic material exists in STM. By the SEM
analysis, the blends had a good compatibility and the cavities
in STM was repaired and smoothed after coating In addition,
the change of STM properties were related to the change of
microstructure and morphology of STM during moist heat treat-
ment. The effect of water on the microstructure of STM was
mainly related to the size of free volume rather than the num-
bers of the free volume. So STM could sustain after moist heat
environment. Such biodegradable, hydrophobic and heat-resistant
starch-based material can be an alternative to some macromolecule
polymers and will have substantial applications in moist heat
environment.
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