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ABSTRACT: Nanocomposites of chitosan and nanoclays
(MMT-Na™ and Cloisite 30B) were prepared by solvent cast-
ing. The structural properties, thermal behaviors, and me-
chanical properties were characterized using X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), atomic
force microscopy, differential scanning calorimetry, thermo-
gravimetry analyses, and an Instron universal testing ma-
chine. XRD and TEM results indicated that an exfoliated
structure was formed with addition of small amounts of
MMT-Na" to the chitosan matrix. Intercalation along with
some exfoliation occurred with up to 5 wt % MMT-Na".

Micro-scale composite (tactoids) formed when Cloisite 30B
was added to the chitosan matrix. Surface roughness in-
creased with addition of a small amount of clay. Tensile
strength of a chitosan film was enhanced and elongation-at-
break decreased with addition of clay into the chitosan
matrix. Melt behavior and thermal stability did not change
significantly with addition of clays. © 2005 Wiley Periodicals,
Inc. ] Appl Polym Sci 99: 1684-1691, 2006
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INTRODUCTION

Chitosan derived from chitin, an abundant polysac-
charide found in shellfish, possesses a unique cat-
ionic nature relative to other neutral or negatively
charged polysaccharides. The amino group, NH,, in
chitosan can be protonated to NH;" in an acid
environment, resulting in antifungal or antimicro-
bial activities, since cations can bind with anionic
sites in protein.1 Further, chitosan is a nontoxic
natural polysaccharide and is compatible with liv-
ing tissue. These distinguishing features make chi-
tosan widely applicable in healing, artificial skin,
food preservation, cosmetics, and wastewater treat-
ment.””” However, chitosan’s hydrophilic character,
and consequently its poor mechanical properties in
the presence of water and humid environments,
limits its application.

Developing chitosan-layered silicate nanocompos-
ites by inserting chitosan chains into interlayers of
silicate can improve its mechanical properties. In re-
cent years, polymer nanocomposites have received
considerable interest because of their superior thermal
and mechanical properties, as compared with the
polymer itself.? Polymer-clay nanocomposites are a
class of hybrid materials composed of organic poly-
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mer matrices and nanoscale organophilic clay fillers.’
Of the nanoscale clays, montmorillonite (MMT) is of
particular interest and has been studied widely. MMT
is a hydrated alumina-silicate layered clay made up of
two silica tetrahedral sheets fused to an edge-shared
octahedral sheet of aluminum hydroxide. Its advan-
tages of high surface area, large aspect ratio (50-1000),
and platelet thickness of 10 A make it suitable for
reinforcement purposes.’” The inorganic surface of
MMT has also been modified by organic replacement
of the interlayer sodium ions by various organic cat-
ions to make the platelets more compatible with poly-
mers."!

When nanoclay is mixed with a polymer, three
types of composites (tactoids, intercalation, and exfo-
liation) can be obtained (Fig. 1). In the case of tactoids,
complete clay particles are dispersed within the poly-
mer matrix and the layers do not separate. Mixing a
polymer and organoclay forms a micro-scale compos-
ite, with the clay serving only as a conventional filler.
Intercalation and exfoliation are two ideal nano-scale
composites. Intercalation occurs when a small amount
of polymer is inserted between the layers of the clay,
thus expanding the interlayer spacing and forming a
well-ordered multilayer structure. In exfoliation, the
layers of the clay are separated completely and the
individual layers are distributed throughout the poly-
mer matrix.'? The formation of intercalation or exfoli-
ation depends on the types and amounts of nanoclay
used.
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Figure 1 Schematic of possible composite structures obtained when mixing polymer with Organoclays: (A) tactoids, (B)

intercalation, and (C) exfoliation."’

Yamaguchi et al.'® prepared a chitosan/hydroxyap-

atite nanocomposite for orthopedic use. No other re-
ports are available in the open literature. Therefore,
the objective of this study was to prepare chitosan/
clay nanocomposites using solution intercalation, and
then to investigate the nanostructure and functional
properties of the chitosan/nanoclay hybrids.

EXPERIMENTAL
Materials

Chitosan powder, with a deacetylation degree of 90%,
was purchased from Vanson (Redmond, WA). Two
nanoclays, under the trade names of Cloisite Na™ and
Cloisite 30B, were purchased from Southern Clay Co.
(Gonzales, TX). Cloisite Na* is a natural sodium
MMT, while Cloisite 30B is an organically modified
sodium in MMT, with a quaternary ammonium salt
(methyl-tallow-bis-2-hydroxyethyl ammonium). The
particle size range of the nanoclays was 2-13 pu.

Nanocomposite film preparation

A chitosan aqueous solution of 2 wt % was prepared
by dissolving 20 g of chitosan powder in 1000 mL of
acetic acid solution (1%, v/v). After the chitosan was
dissolved, the solutions were filtered with cheesecloth
by vacuum aspiration to remove foam and any undis-
solved impurity.

Nanoclay solutions with three clay compositions (1
wt %, 3 wt %, and 5 wt % based on chitosan) were
prepared by dispersing appropriate amounts of clays

into 10 mL of 1% acetic acid solution and vigorously
stirring for 24 h. Afterwards, 200 mL of chitosan so-
lution was added slowly into pretreated clay solu-
tions. The mixtures were stirred continuously for 4 h
and then cast onto level Teflon-coated glass plates.
After drying at room temperature for at least 72 h, the
films were peeled from the plates.

X-ray diffraction (XRD)

The x-ray patterns of the samples were obtained using
a Rigaku D/Max- B X-ray diffractometer (Tokyo, Ja-
pan), with Cu-Ka radiation (A = 1.544 A)ata voltage
of 40 kV and 30 mA. Samples were scanned over the
range of diffraction angle 26 = 1-12°, with a scan
speed of 1°/min at room temperature.

Transmission electron microscopy (TEM)

TEM was used to evaluate the dispersion of nanoclay
in the chitosan matrix. The image was obtained on a
H7500 TEM (Hitachi Co.) at an accelerating voltage of
80 kV. Ultrathin sections were microtomed at room
temperature.

Atomic force microscopy (AFM)

AFM topographic images were obtained using an Au-
toprobe CP (Park Scientific Instruments) in contact
mode and commercial SizN, tips at ambient pressure
and room temperature.
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Differential scanning calorimetry (DSC)

DSC measurements were performed with a Perkin—
Elmer DSC1 (Norwalk, CT). About 10 mg of the dried,
ground samples (<2% moisture) were placed in stain-
less steel DSC pans (Perkin-Elmer). The samples were
heated from 50 to 200°C at a heating rate of 10°C/min
in a nitrogen atmosphere. The glass transition temper-
ature (T,) was taken as the inflection point on the DSC
thermograph.

Thermal stability analysis

Thermogravimetric analyses (TGA) were completed
with a Perkin—Elmer TGA 7 (Norwalk, CT). Samples
were placed in the balance system and heated from
50°C to 650°C at a heating rate of 20°C/min in a
nitrogen atmosphere. The onset temperature was cal-
culated using TGA7 software.

Tensile strength (TS) and elongation at-break (E)

TS and E were measured with an Instron Universal
Testing Machine (Model 5566, Instron Corp., Canton,
MA) following the guidelines of ASTM Standard
Method D 882-91."* The initial grip separation was set
at 50 mm and the crosshead speed was set at 200
mm/min. TS was expressed in MPa and calculated by
dividing the maximum load (N) by the initial cross-
sectional area (m?) of the specimen. E was calculated
as the ratio of the final length at the point of sample
rupture to the initial length of a specimen (50 mm) and
expressed as a percentage. TS and E tests were repli-
cated five times for each type of film.

Statistical analyses

The tension strength and elongation-at-break data
were analyzed by the general linear models (GLM) in
SAS analysis program (SAS Institute Inc., Cary, NC).
Duncan’s multiple range tests were conducted to
check for significant (P < 0.05) differences between
treatment groups.

RESULTS AND DISCUSSION

Structural properties of chitosan/nanoclay
composites

Wide-angle X-ray diffraction (WAXD) is a classical
method for determining the gallery height (d-spacing
distance) in clay particles.'® The d-spacing can be de-
termined by the diffraction peak in the XRD patterns,
and can be expressed by Bragg’'s equation (A
= 2dyy;5in6), where d; is the interplanar distance of
(001) diffraction face, 6 is the diffraction position, and
) is the wavelength.'® During intercalation, the inser-
tion of polymer into the organoclay galleries forces the
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platelets apart and increases the d-spacing, resulting in
a shift of the diffraction peak to lower angles.

The XRD patterns of the chitosan, the two clays, and
their composites are shown in Figure 2. The structures
of the hybrids depended on the clays used. MMT-Na™*
had a characteristic peak at 20 = 7.22° (dyy; = 12.2 A).
With addition of 1 and 3 wt % MMT-Na" to chitosan
solution, the reflection peak disappeared, indicating
formation of an exfoliated structure, which was disor-
dered and not detectable by XRD. Further increasing
the amount of MMT-Na™ to 5 wt % gave a broad peak
at 20 = 5.34°. This was much lower than that of
pristine MMT-Na", suggesting the occurrence of in-
tercalation together with some exfoliation. In contrast
to MMT-Na™, Cloisite 30B had a lower diffraction
peak at 20 = 4.8° (dyy; = 18.5 A) due to replacement of
sodium ions with long-chain of quaternary ammo-
nium cations. When Cloisite 30B was added to the
chitosan solution, irrespective of amount, the peaks
remained at the same position (260 = 4.8°), indicating
that no intercalation had occurred, and that micro-
scale composite-tactoids were formed. The formation
of different composites with addition of the different
clays to chitosan was attributed to the differences in
chemical structures and compatibilities with chitosan.
Inorganic and hydrophilic MMT-Na™ was dispersed
easily in the chitosan solution to form a favorable
interaction with hydrophilic chitosan. Chitosan chains
were intercalated into the silicate layers and the co-
herent order of MMT-Na* was destroyed completely.
However, for Cloisite 30B, after organically modifying
the sodium in MMT with a quaternary ammonium
salt, the clay became organic and its hydrophobicity
increased. It was very difficult to disperse Cloisite 30B
in the chitosan aqueous solution and to form an inter-
molecular reaction between clay and chitosan in spite
of the presence of the hydroxyl group in the gallery of
Cloisite 30 B. Strong polar interactions, especially hy-
drogen bonding, critically affected the formation of
intercalation and exfoliated hybrids."”

A TEM micrograph of chitosan nanocomposite with
3 wt % MMT-Na" is presented in Figure 3. Good and
random dispersion of clay in chitosan matrix was
observed. The dark sheets of clay were discrete mono-
layers in the chitosan matrix. No obvious association
between silicate sheets was found. This is consistent
with the results of the XRD having an exfoliation
structure when 3 wt % MMT-Na" was added to chi-
tosan matrix.

The topographic images of the surface for pure chi-
tosan film and chitosan nanocomposite films contain-
ing 3 wt % and 5 wt % MMT-Na " were determined by
AFM and are shown in Figure 4. When 3 wt % MMT-
Na™ was added to the chitosan matrix, the nanocom-
posite had a rough surface morphology. As the clay
content was increased to 5 wt %, a relatively smooth
surface was observed. The surface roughness of nano-
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Figure 2 X-ray patterns of (A) chitosan and its nanocomposites with different amounts of MMT-Na* and (B) chitosan and
its composites with different amounts of Cloisite 30B.
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Figure 3 TEM micrographs of chitosan and 3 wt % MMT-
Na* nanocomposite film.

composite film seemed to decrease with increasing
clay content. This was attributed to the fact that the
clay had a small particle size and could tumble into
the cavities (open cells) on the surface.'®

Mechanical properties of chitosan/nanoclay
composites

The mechanical properties of chitosan and chitosan/
clays composite films were measured and are summa-
rized in Table I. The pure chitosan film had a TS of 40.6
MPa and an E of 13.2%. The TS of nanocomposite films
increased significantly (P < 0.05) with increasing
amount of MMT-Na™ up to 3 wt %, followed by a
decrease with further increase in MMT-Na™ up to 5 wt
%. When 1 wt % MMT-Na" was added, the TS of the
nanocomposite film was 55.0 MPa, an approximately
35% increase compared with that of pure chitosan
film. TS was the highest for 3 wt % clay hybrid, in
which a 62% improvement was observed. Further in-
creasing clay content to 5 wt % decreased TS of the
film to 44.5 MPa. E of the composite film decreased
slightly with addition of MMT-Na". The substantial
enhancement of TS with the addition of a small
amount of MMT-Na™ was ascribed to formation of an
exfoliated state and the uniform dispersion of MMT in
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the chitosan matrix.'*?° It was also attributed to strong
interaction between chitosan and MMT.'® The de-
crease in TS with increasing MMT content up to 5 wt
% resulted from the aggregation of MMT particles
with high surface energy when the MMT content was
high enough.'® This was consistent with XRD patterns
having a state where exfoliation coexisted with inter-
calation. When Cloisite 30B was added to the chitosan
matrix, TS did not increase significantly. E decreased
significantly when the Cloisite 30B content was in-
creased from 1 to 3 wt %. As discussed previously, a
micro-scale composite was formed and the Cloisite
30B clay acted as a conventional filler. Although the
filler improved load bearing capacity of the compos-
ites, the extent was much lower than that of a nano-
scale dispersion.

Thermal properties of chitosan/nanoclay
composites

The melting point (T,,) of chitosan and its nanocom-
posites was investigated by DSC. DSC plots of chi-
tosan and its MMT-Na™ nanocomposites are pre-
sented in Figure 5. The data for all measurements are
given in Table II. Two endothermal peaks were de-
tected for all products. The endothermal peak at about
102°C was attributed to solvent evaporation, while the
peaks in the range of 188-196°C showed that crystal-
lization of the chitosan was not inhibited by the nano-
clays. Pure chitosan film had a T,, of 193.6°C and a
melting enthalpy (AH,,) of 6.05]/g. Addition of 1 and
3 wt % MMT-Na" increased T,, to 196°C and AH,, to
11 J/g, respectively. T,, of the composite film de-
creased back to 194.5°C when the amount of MMT-
Na™ was increased to 5 wt %. Generally, the changes
in T,, with addition of MMT-Na™, were not signifi-
cant, indicating that the crystal forms and the crystal
structure of chitosan were not changed." To the con-
trary, T,, and AH,, decreased with the addition of
Cloisite 30B. For example, T,, and AH,, decreased to
188°C and 3.62 ] /g, respectively, with the addition of
5 wt %, suggesting that the degree of crystallinity of
chitosan was reduced. These effects can be explained
by the assumption that the dispersed Cloisite 30B
acted as a physical barrier to hinder the growth of
crystals and their perfect ordering.*!

TABLE 1
Mechanical Properties of Chitosan/Nanoclay Composites

Tensile strengh Elongation

Tensile Elongation

Materials (MPa) at break (%) Materials strength (MPa) at break (%)
Chitosan 40.62 = 0.84° 13.14 + 3.85° Chitosan 40.62 + 0.84% 13.14 + 3.85°
1% MMT 54.98 * 4.83° 8.72 = 0.97¢ 1% 30B 45.01 £ 0.187 14.40 = 1477
3% MMT 65.67 = 2.20° 10.81 = 0.52% 3% 30B 47.97 = 4917 571 + 1.72°
5% MMT 4451 = 3.91° 8.98 = 1.21* 5% 30B 47.29 + 3.10° 442 +0.19°

a~¢ Means with same letter within a column indicate no significant (P > 0.05) difference by Ducan multiple rage test.
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Figure 4 AFM topographic images of (A) chitosan and its nanocomposite films with (B) 3 wt % MMT-Na" and (C) 5 wt %
MMT-Na™.

Changes in the thermal stability of chitosan films, = weight-loss curves of chitosan and its MMT-Na™"
with addition of different nanoclays, were examined = nanocomposites, as a function of temperature, are
by TGA and are summarized in Table II. The  shown in Figure 6. Generally, the thermal stabilities
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Figure 5 DSC thermographs of chitosan and its MMT-Na" nanocomposites with different MMT-Na™ contents.

of chitosan MMT-Na® nanocomposites were en-
hanced as compared with those of pristine chitosan
film. This was reflected by the fact that onset tem-
peratures of thermal degradation increased by 12°C
and 7°C, with the incorporation of 1 and 3 wt %
MMT-Na™ into the chitosan. The increase in thermal
stability of the nanocomposites was a result of the
formation of a nanoscale-composite, in which the
chitosan chain penetrated into the galleries of the
clay.*! The nanodispersion of chitosan molecules in
the silicate layers not only effectively inhibited the
permeation of oxygen, but also restricted their ther-
mal motion, thus increasing thermal stability.”'® On
the other hand, the onset degradation temperature
of chitosan films did not increase significantly with
addition of Cloisite 30B. As discussed previously,
when Cloisite 30B was added to chitosan, micro-
scale composite-tactoids were formed. The polymer
chains were not intercalated into the galleries of
the silicate and hardly increased the thermal stabil-

ity. This is consistent with the results of Priya and
]Og.22

CONCLUSIONS

Exfoliated nano-structures were formed with the ad-
dition of small amounts of MMT-Na™ to the chitosan
matrix. Intercalation, together with some exfoliation,
occurred with the amounts of MMT-Na* increasing to
5 wt %. The surface roughness increased with the
addition of a small amount of nanoclay. Micro-scale
composite (tactoids) were formed when Cloisite 30B
was added to the chitosan matrix. Tensile strength of
the chitosan film increased with the addition of small
amounts of MMT-Na", but not significantly when
Cloisite 30B was added. Elongation-at-break de-
creased with the addition of clays, but not significantly
with addition of MMT-Na". Melting temperature (T,,)
and onset temperature of thermal degradation (T,) of
chitosan composite films increased when MMT-Na™

TABLE 1I
Thermal Properties of Chitosan/Nanoclay Composites

Initial degradation

Composition Peak, (°C) T, (°C) AH,, (J/g) temperature (°C)
Chitosan 102.2 193.6 6.05 294.2
Chitosan + 1% MMT 102.1 196.8 11.37 306.1
Chitosan + 3% MMT 102.1 196.7 11.66 303.2
Chitosan + 5% MMT 102.6 194.5 10.72 296.4
Chitosan + 1% 30B 103.1 193.1 6.33 299.2
Chitosan + 3% 30B 101.6 191.6 3.77 298.1
Chitosan + 5% 30B 102.9 188.5 3.62 298.6
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Figure 6 TGA curves of chitosan and its MMT-Na" nanocomposites with different MMT-Na™ contents.

was added. T,, and T, did not change significantly
with addition of Cloisite 30B. Generally, addition of
MMT-Na™" improved the films mechanical and ther-
mal properties more than Cloisite 30B.
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