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ABSTRACT: Carboxymethyl konjac glucomannan (CKGM)/
sodium montmorillonite (MMT) hybrid films of various com-
positions were prepared by casting from a polymer/silicate
water suspension. The structure and properties of the hybrid
films were investigated by wide angle X-ray diffraction
(WAXD), transmission electron microscopy (TEM), attenu-
ated total reflection infrared spectroscopy (ATR-IR), differ-
ential scanning calorimetry (DSC), and tensile tests. The re-
sults from WXRD and TEM indicated that an intercalated
CKGM/MMT nanocomposite film was obtained by polymer
solution intercalation. WXRD and DSC showed that the
high-T,, crystal phase was induced by the presence of lower

MMT loading, but the T, of the hybrid films became weak
with the increase of MMT content due to the polymer con-
finement. The hybrid films showed higher thermal stability
and mechanical properties than that of the neat polysaccha-
ride due to the strong interaction between hydroxyl and car-
bonyl group of CKGM and the silicate layer of MMT. Fur-
thermore, the degree of swelling of the hybrid films was
investigated in acidic buffer solutions. © 2006 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 103: 29542961, 2007
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INTRODUCTION

There is an ever-increasing interest in the utilization
of renewable materials. Among natural polymers,
Konjac glucomannan (KGM) has attracted great inter-
ests since it exhibits expected properties, such as eas-
ily modification, high viscosity, and excellent film-
forming ability besides availability, low cost, good
biocompatibility, and biodegradability. KGM, one of
the high molecular weight water-soluble nonionic
natural polysaccharide found in tubers of the Amor-
phophallus konjac, is composed of B-(1—4)linked p-glu-
cose and D-mannose in the molar ratio of 1 : 1.6 with a
low degree of acetyl groups' and it forms highly vis-
cous solutions when dissolved in water.> KGM has
been used in the fields of food, pharmaceuticals, and
chemical engineering. However, the use of KGM as a
material is limited by its poor stability and process-
ing. Therefore, chemical and physical modification
has been applied to improve these properties, in addi-
tion to provide the functional properties of polysac-
charides. It is noted that carboxymethyl konjac gluco-
mannan (CKGM) has significant enhancements of
water solubility, stability, functions® and new applica-
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tions in industrial* and biomedical fields>® compared
to the unmodified KGM. But it is known that the im-
provements are at the cost of mechanical properties
of materials. Consequently, it is usually blended with
hydrophobic biodegradable polymers’® or crosslinked
by organic reagents to improve the material’s mech-
anical properties.

A novel method for improving polysaccharide
properties is adding clay to polysaccharide formula-
tions. In recent years, a little polysaccharide/clay
nanocomposites with greatly improved barrier, me-
chanical and heat resistance properties have been
reported, such as thermoplastic starch,”!? cellulose,!!
gelatin,12 and chitosan.'> However, little research on
KGM or its derivatives and clay hybrids has been car-
ried out. It is well known that sodium montmorillonite
(MMT) is a naturally occurring 2 : 1 phyllosilicate,
capable of forming stable suspensions in water. This
hydrophilic character of MMT also promotes disper-
sion of these inorganic crystalline layers in water-
soluble polymers."*'> Moreover, MMT has excellent
exchanged cations capability and reactive OH groups
at the surface.'® Inspired from those studies, this
work is focused on investigating the properties of
CKGM/MMT hybrid films.

In the present investigation, CKGM was synthe-
sized and CKGM/MMT hybrid films of various com-
positions were obtained. The dispersion of MMT into
the CKGM matrix and the effect of its addition on the
mechanical, thermal properties, morphology, and
interaction of CKGM/MMT hybrids were studied.



PREPARATION AND CHARACTERIZATION OF CKGM/MMT FILMS 2955

We predict that this work may contribute basic in-
formation to the further application of KGM and
its erivatives in packaging films and biomedical
materials.

EXPERIMENTAL
Materials

KGM powder (purity 99%) was purchased from
Huaxianzi Konjac (Hubei, China) and was used with-
out further purification. The viscosity is 10 Pa s in
1 wt % concentration.

The preparation of CKGM was as follows."” KGM
(4 g) was soaked in 8 mL of 50 wt % aqueous metha-
nol. After 1 h, the swollen KGM was suspended in
20 mL of methanol and 8 mL of 30 wt % aqueous so-
lution of sodium hydroxide was added gradually
while stirring at 50°C. After 1.5 h, 3 g of monochloroace-
tic acid (MCA) was then added gradually. Mechanical
stirring was continued for 40 h at 50°C. At this point, the
mixture was neutralized with 30 wt % hydrochloric acid
to a pH of 6. The product was washed with 70, 80, and
100 wt % methanol to remove impurities, successively,
and filtered off. The residue was dried at 50°C in vac-
uum to obtain the pure CKGM.

Sodium MMT (the particle size is 33 pm) was sup-
plied by Zhejiang Fenghong Clay Chemicals (Zhejiang,
China). Other reagents were all of analytical grade.

Preparation of CKGM/MMT composite films

Hybrids were synthesized by a solution-intercalation
film-casting method. The CKGM/MMT ratios were
100/0, 95/05, 90/10, 85/15, 80/20, 70/30, and 50/50
(W/W), relative to dry CKGM, with a total mass of
1.0 g. MMT was dispersed in distilled water to form a
suspension of MMT at a concentration of 2 wt %. The
suspension was stirred for 24 h. CKGM was dissolved
in distilled water and was added to the stirring sus-
pensions. The mixtures were stirred vigorously at
60°C for 48 h and degassed, and then were poured on
to glass plates and water evaporated at room temper-
ature for 3 days. The films of different ratios above
were coded as CMO, CM5, CM10, CM15, CM20,
CM30, CM50, respectively.

X-ray diffraction

Wide-angle X-ray diffraction (WAXD) patterns were
recorded on an X-ray diffraction instrument (XRD-
6000 Shimadzu, Japan), by using CuKa radiation (A
= 0.1542 nm) at 40 kV and 30 mA with a scan rate of
4° min~'. The diffraction angle ranged from 2° to 45°.

Transmission electron microscopy

TEM was performed in a Hitachi HF-2000, which
used a high-vacuum cold cathode field emission gun

as the electron source. A piece of the film was placed
in epoxy resin and later microtomed into 200 nm sli-
ces, which were placed upon nickel TEM grids.

ATR-IR spectroscopy

IR spectra of the films were recorded using a Fourier
transform infrared (FTIR) spectrometer (Nicolet 1705X)
with attenuated total reflection instruments for in-
vestigation intermolecular interaction. The films
were taken on the flat sheet and data were collected
over 64 scans with a resolution of 4 cm ™' at room
temperature.

Differential scanning calorimetry

DSC was performed using a Netzsch DSC 200 PC at a
heating rate of 20°C/min under nitrogen atmosphere.
The temperature ranged from 45 to 500°C.

Thermogravimetry analysis

Thermal gravimetric measurements were performed
using Netzsch STA 449C instrument (Germany)
under a nitrogen atmosphere with a flow capacity of
30 mL/min. The scan was carried out at a heating
rate of 10°C/min from 40 to 800°C. The sample
weight was about 8-10 mg and analyzed using o-
Al,Os3 crucible.

Tensile tests

Tensile strength and elongation at break of the films
were measured on a versatile electron tensile tester
(CMT-6503, Shenzhen SANS Test Machine, China)
with a tensile rate of 5 mm/min. The size of the films
strips was 70 x 10 x 50 mm® (length x width x dis-
tance between two clamps).

Swelling study

The degree of swelling (Q,) of CKGM and hybrid
films were measured by the following

Qu = (Wwet - Wdry) / Wdry

Where Wi, is the weight of wet films and W,y is the
weight of dried films. The experimental process was
performed as follows: 0.1 g films were immersed in
200 mL hexamethylene tetramine/hydrochloric acid
buffer solution with various pH values for 24 h to
reach swelling equilibrium. The swollen films were
taken out and weighed after the excess of water lying
on the surfaces was absorbed with a filter paper.
Then calculate according to the formulas above.
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Figure 1 TEM images of the hybrid films of CM5 and CM15. The intercalation is labeled (A), Exfoliation is labeled (B).

RESULTS AND DISCUSSION
Dispersion of inorganic layers

With the emphasis on the dispersion of the nanome-
ter-thin layered fillers in the polymer matrix, TEM
was used to directly view the hybrid structure for
nanocomposites. Figure 1 shows the TEM images for
the different CKGM-MMT ratio hybrid films. The
dark lines in the pictures represent clay layers, the
spaces between the dark lines are interlayer spaces,
and the gray bases represent CKGM matrix. In the
image of CM5, most silicate layers existed as tactoids;
however, in some parts, intercalation (label “A’") was
seen a little. In the image of CM15, there were still
some tactoids, and exfoliation (label “B’’) was ob-
served a little; however, in some parts, silicate layers
were separated by ultrathin CKGM, and intercalation
was seen clearly. This indicates that clay dispersion in
CKGM was mainly in the intercalated state and
depended on the CKGM/MMT weight ratio.

The periodic intercalated structure was quantified
through WXRD. Figure 2 shows the XRD patterns of
CMO, CM5, CM10, CM15, CM20, CM30, CM50, and
MMT. The intercalation of CKGM in the clay inter-
layer was confirmed by the decrease of 20 values
while the CKGM-MMT ratio increased. MMT had a
sharp peak at 20 = 7.1°, corresponding to a basal
spacing of 1.25 nm. All diffraction peaks of hybrids
shifted toward lower angle values and became broad.
It can be seen that the interlayer spacing increased from
1.25 nm for MMT to 2.63 nm for CM15. However, the
diffraction peak of hybrids shifted to higher angle
values when the MMT content was over 15 wt %
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and the corresponding basal spacing decreased from
2.63 nm for CM15 to 1.67 nm for CM50.

Interestingly, clay dispersion in CM15 was better
than that of CM5 from the TEM images and XRD pat-
terns of the hybrids. It seems to be at odds with the the-
oretical expectations. In our case, we found that the
hybrid structure was actually kinetically dictated rather
than thermodynamics when the MMT content was
lower to 5 wt %. In the water solution of CKGM and
MMT, the layers remained in colloidal suspension.
When a few CKGM chains intercalated into the MMT
layer, crystal behavior was induced soon and crystal
phase of CKGM appeared, the chain mobility of CKGM
decreased and no further intercalation occurred. In a
word, the crystal phase was induced by the presence
of the silicate layers.'® With the increase of MMT con-
tent, most CKGM chains entered into the MMT layer,
crystals were constrained. This result was confirmed
by the XRD patterns of the hybrids in Figure 3. In the
26 region between 10° and 25°, CKGM had its crystal-
line reflections corresponding to 20 = 12.7°, 18.7°,
21.9°, respectively. In the same region, MMT also had
its reflection at 21.9°. The crystalline peaks of CM5
were higher apparently in intensity than that of pure
CKGM. With the increase of MMT content, the inten-
sity became lower. In addition, DSC provided evi-
dence that lower loading of MMT should promote
polymer crystal. We should discuss it later.

ATR-IR analysis

We explored the interaction between CKGM and
MMT by ATR-IR. Figure 4 shows the ATR-IR spectra
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Figure 2 WXRD patterns of MMT and the hybrid films.

of CM0, CM5, CM10, CM15, and MMT in the 4000-
500 cm ' wave number range. It is noted that the
stretching of carbonyl at 1658 cm ™' of CKGM." dis-
appeared and the stretching vibration of ether bond
at 1028 cm ™' of CKGM shifted to a lower wave num-
ber with the increase of MMT content, which is attrib-
uted to the formation of new hydrogen bonds between
—C=0, —0 in CKGM and —OH in the silicate layer
of MMT. The vibration band characteristics of the sili-
cate, the deformation vibration of hydroxyl at 1640 cm ™!
was disappeared in the hybrid films; the stretching
vibration of Si—O at 1042 cm ™! overlapping with the
band of ether in CKGM shifted to the lower wave
number, indicating that the interaction between
—OH, Si—O in MMT, and —OH in CKGM occurred,
according to the study of Hwan-Man et al.** Some
main bands for distinctive functional groups were
identical in pure CKGM and pure MMT, which makes
observation of any modification in these bands diffi-
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cult. However, intensity changes in the modes below
800 cm ! were observed, more specifically at 807 and
876 cm !, these bands were due to skeletal modes,
low frequency vibrations of the ring.*' The intensity
of these bands decreased with the increase of MMT
content reaching a constant value at a clay content of
over 15 wt %. These results showed that vibration of
the glucose ring was affected by the presence of clay
possibly due to conformational changes. Therefore, it
was due to the strong interaction between hydroxyl
and carbonyl group of CKGM and the silicate layer of
MMT that the intercalation occurred.

Thermal analysis

Thermal properties were investigated from DSC
curves recorded in the 45-500°C range. As Figure 5
showed, pure CKGM had T,, peak at 125°C. The T,,
peak of CM5 became stronger and shifted to 162.5°C.
This clearly suggested that the high-T,, crystal phase
was induced by the presence of lower MMT loading.
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Figure 3 WXRD of the crystal peaks of the hybrids and
MMT.
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Figure 4 IR spectra of MMT and the hybrid films.

With the increase of MMT content, the T,, peak
became weak and broad, shifted to around 90°C. This
result may be explained that CKGM chains which
intercalated into the interlayer of MMT were re-
stricted by sheets of MMT, and the movement of seg-
ments was restrained. In addition, there existed polar
interaction or hydrogen bond between functional
groups of CKGM chains and the sheets of MMT;
MMT also acted as physical crosslinking sites, and
reduced the activity of CKGM matrix. Therefore, the
T,, peaks became weak and broad.

In the range of 200—400°C, all the hybrid films
showed distinct dual exothermic peaks compared to

Journal of Applied Polymer Science DOI 10.1002/app
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the overlapping peaks of pure CKGM, the first one
was attributed to the breaking of intermolecular
hydrogen bonds and the higher one was attributed to
the breaking of intramolecular hydrogen bonds and
the molecular side chains. It can be seen that the deg-
radation temperature of the hybrid films increased
gradually with the increase of the MMT content, and
became level off when the MMT content was beyond
15 wt %. The first thermal degradation temperature of
CM15 (299°C) was 14°C higher than that of pure
CKGM (285°C). Therefore, CM15 had relatively high
thermal stability.

TGA was used to investigate the thermal degrada-
tion patterns of the films. As shown in Figure 6, the
TG curves of pure CKGM showed two degradation
steps attributable to water loss and to CKGM degra-
dation; pure clay showed a small weight loss about
9.1 wt % in the range of 50-100°C attributable to
water loss and remained unchanged when heated to
500°C due to its thermally resistance.”> The hybrid
films showed two degradation steps attributable to
the breaking of intermolecular hydrogen bonds, the
breaking of intramolecular hydrogen bonds and the
molecular side chains in the range from 200 to 630°C.
Compared to pure CKGM, the thermal stability of the
films was shown in Table L. The hybrid films showed
higher beginning disintegration temperature at 250°C
for CM15 and less weight loss (57 wt %) than that of

CM50

T

CM30
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CMO

-«——— FEndotherm

T T T T T T T T
50 100 150 200 250 300 350 400 450 500

Temperature('C)

Figure 5 DSC curves of the hybrid films.
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Figure 6 TG curves of the hybrid films.

pure CKGM (210°C, 78 wt %), suggesting an enhance-
ment of thermal stability for the hybrid films. After
approximately 650°C, the curves all became flat, and
mainly the inorganic residues remained. It also can be
seen that the hybrid films displayed a residue propor-
tional to its clay content.

The improvement on thermal stability of the
hybrids is mainly attributed to two aspects. The first
aspect, it was due to thermal resistance of MMT and
the nanodispersion of MMT layers in the CKGM ma-
trix. Nanoscale MMT layers had an excellent barrier
property in preventing the release of degraded
CKGM fragments. The second aspect was that there
was strong hydrogen bonds interaction between
MMT and CKGM in the hybrids, and MMT acted as
physical crosslinking sites to retard the thermal
decomposition of CKGM to a certain extent. So inter-
calation with MMT is helpful to improve thermal sta-
bility of CKGM.

Mechanical properties

The effect of the MMT content on the mechanical
properties of the hybrid films was illustrated in Fig-
ure 7. The Young’s modulus (E’), stress-at-break (o)
and strain-at-break (g,) of pure KGM were 3.5 GPa,
58.1 MPa, and 4.4% while that of pure CKGM were

TABLE 1
Thermal Stability of the Films
Onset End

temperature temperature Weight
Sample (§@) (°C) loss (%)
CMO 210 330 78
CM5 240 460 69
CM15 250 450 57
CM30 240 440 65
CM50 240 450 48
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lower to 2.0 GPa, 39.5 MPa, and 4.8%. As shown in
Figure 7, it suggested that intercalation with MMT
can improve the mechanical properties of CKGM.
With the increase of the MMT content, the tensile
strength and Young’s modulus of the hybrids were
enhanced and the maximum values were observed
at 15 wt % MMT content. This behavior can be
explained by the fact that MMT layers had dispersed
in nanoscale in CKGM matrix and had huge surface
area exposed to polymer, then the polymer matrix
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Figure 7
content.

Mechanical properties as a function of the MMT
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was physisorbed on the silicate surfaces and was stiff-
ened through its affinity.”® In addition, the strong
interaction between the polysaccharide and the sili-
cate surfaces became strength. As the MMT content
was over 15%, the tensile strength and Young’s mod-
ulus began to decrease, which may arise from the
aggregation of MMT particles with higher surface
energy when the MMT content was high enough.

Compared to pure CKGM, the hybrids displayed
higher strain-at-break values with the increase of MMT
content and reached 16.6% strain-at-break at 15 wt %
MMT content. It indicated that the proper intercala-
tion of CKGM into MMT improved the strain-at-
break of the films. However, the strain-at-break val-
ues decreased when MMT content over 15 wt %. This
indicated that adding the inorganic filler into a poly-
meric matrix increased its brittleness when beyond
the limit.**

Swelling tests

Owing to our interest in developing polymeric mate-
rials with improved properties, we have studied the
degree of swelling of the hybrid films in acidic buffer
solutions.

As a polyelectrolyte, the ionized states of CKGM
are dependent on pH. It is well known that uncros-
slinked CKGM is easily dissolved in basic solution
while swells in acidic solution. As shown in Figure 8§,
the degree of swelling of the hybrid films in pH 7 so-
lution were higher than that of pure CKGM” and the
maximum value was observed at 15 wt % MMT con-
tent. In the hybrid films, the silicate layers interca-
lated with polymeric matrix acted as physical cross-
linking sites and a networks-like structure formed."®

12+
1+ 7
10 | 7

2
&l 7
8 |
7
6
CMO CM5 CM10 CMI15 CM20 CM30
MMT content (wt%)

Figure 8 Variation of Q, with the MMT content in the
films.
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Figure 9 Variation of Q,, with pH for the film CM15.

Therefore, the water absorption of the films increased
with the adding of MMT. But with larger amounts of
MMT (beyond 15%), MMT aggregated and the place
between crosslinking points decreased, then the water
absorption of the films decreased.

The degree of swelling of the film CM15 depended
on pH are shown in Figure 9. In the range of pH 5-
pH 7, the maximum value of Q,, was observed at pH
6.8. It can be explained that CKGM belongs to a poly-
electrolyte, it shows an extended structure in higher
pH, which may facilitate the intercalation; it shows
coiled structure in lower pH solution, which may
destroy the intercalation of the polymer.”> Moreover,
the surface charges of MMT layer were changed with
various pH*® and the physical crosslinking sites were
decreased. Therefore, Q,, increased with the increas-
ing of pH. Regrettably, the films decomposed in 2 h
in the range of below pH 5 or beyond pH 7.2. These
results implied that the hybrid films had considerable
water storing ability and potential use in biomaterial
field.

CONCLUSIONS

CKGM/MMT hybrid films of various compositions
were prepared by casting from a polymer/silicate
water suspension. The structure characterization by
WAXD, TEM ATR-IR of the hybrid films suggested
that an intercalated CKGM/MMT nanocomposite
film was obtained by polymer solution intercalation.
WXRD and DSC showed that the high-T,, crystal
phase was induced by the presence of lower MMT
loading, but the T,, of the hybrid films became weak
with the increase of MMT content, which due to the
polymer confinement. The hybrid films showed
higher thermal stability and mechanical properties
than that of pure CKGM due to the strong interaction
between hydroxyl and carbonyl group of CKGM and
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the silicate layer of MMT, which can be confirmed by
ATR-IR. Furthermore, the degree of swelling of the
hybrid films became higher than that of pure CKGM
in weak acidic solution. The results suggested that the
hybrid films of CKGM/MMT had potential applica-
tion for water storage materials with good thermal
and mechanical properties.
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