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Abstract

Chitosan polymer was added to the montmorillonite (MMT) dispersions in different concentrations in the range of 1x 1072
50 x 1072 g/L (in 1% acetic acid solution). The rheological behaviours and colloidal properties of the clay dispersions were determined
as a function of increasing polymer concentration. The studies on zeta potential measurements indicated that chitosan attached on the
surface of clay particles. XRD analyses displayed that organic molecules did not enter enough sufficiently into the layers of clay struc-
tures. In the second part of the study, the rheological behaviour of 1 g/L chitosan dispersion in 1% acetic acid solution was investigated.
Flow curves were analyzed using the Bingham model. The MMT/chitosan dispersions prepared at concentrations in a range of 1-50 g/g,
and then rheological and electrokinetic measurements were repeated for these samples and studied together with the first measurements.
The characterization with different methods (FTIR, AFM, DSC, and TGA) on chitosan-MMT biocomposite systems was examined.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Smectite-group clay minerals have large adsorption
capacities for polymer molecules due to their unique crystal
structure. Montmorillonite is a member of the smectite
group minerals and has a layered structure. The polymers
in the montmorillonite dispersions interact with the clay
particles, according to their ionic or non-ionic character.
The ionic polymers induce electrostatic interactions, but
the non-ionic polymers are adsorbed on the surface of clay
minerals by the steric interactions. Polymer concentration,
its molecular weight and hydrolyzing groups of polymer,
size and shape of clay particle, its surface charge, clay con-
centration in suspension, pH, and temperature may all
affect the clay/polymer interactions. The adsorption of
polymers onto the surfaces of clay particles influences the
rheologic and electrokinetic properties of the system. The
effects of polymers on the montmorillonite dispersions
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are extensively studied (Alemdar, Giingér, Ece, & Atici,
2005a; Alemdar, Gilingér, Ece, & Erim, 2005b; Billingham,
Breen, & Yarwood, 1997; Chang, Gupta, & Ryan, 1992;
Ece, Alemdar, Giingér, & Hayashi, 2002; Gilingér &
Karaoglan, 2001; Luckham & Rossi, 1999; Zhao, Urano,
& Ogasawara, 1989). Recently, nanoscale composites of
polymers with organo-clay have been studied extensively.
Montmorillonite is the most widely used layered silicate
in polymer nanocomposite. The use of clay in making
nanocomposite has recently been increased because of the
cheap and easy provide of it (Chang, Park, & Thn, 2002;
Chen & Curliss, 2003; Darder, Colilla, & Ruiz, 2005; igci,
Giinister, Ece, & Giingor, 2004; Pinnavaia & Beall, 2000;
Yang et al., 2003).

Chitosan is a polymer derived from chitin and is used in
applications from health care to agriculture to dyes for fab-
rics. There are even medical applications. Chitosan itself is
the major source of the nutritional supplement glucosa-
mine. Chitosan is, at the pH of the gastrointestinal tract,
a positively charged polymer and can bind to negatively
charged substances. Chitosan might bind to some dietary
lipids. It may also bind to the fat-soluble vitamins A, D,
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E, and K, as well as flavonoids, carotenoids, and some min-
erals, such as zinc, found in foods (Koide, 1998).

In this work, we investigate the effect of chitosan poly-
mer on the rheological and colloidal properties of MMT
dispersions at different chitosan concentrations and after
the effect of MMT clay on the rheological and colloidal
properties of chitosan biocomposite dispersions at different
MMT concentrations. The structure analysis of chitosan/
MMT biocomposite materials was studied using FTIR
and AFM and the thermal behaviour of the biocomposite
was determined using TGA and DSC.

2. Experimental
2.1. Materials

Natural bentonite sample was collected from Unye area
Eastern Black Sea coast of Turkey. It is labelled as MMT.
Chitosan [400,000] was purchased from Fluka and used as
received.

2.2. Preparation of chitosanl MMT and MMTI/chitosan
biocomposite systems

The first part of the experiment chitosan/MMT system
was prepared. Four percentage MMT dispersion and 1 g/
L chitosan was prepared in 1% acetic acid separately.
Chitosan in 1% acetic acid were added to 4% MMT disper-
sions in 1% acetic acid at seven different concentrations in
the range of 1x1072-50x 1072 g/L and obtained 2%
chitosan/MMT biocomposite systems.

In the second part, the montmorillonite (MMT) was
added to the chitosan dispersions (in 1% acetic acid solu-
tion) in 11 different ratios in the range of 1-50 [1, 2, 3, 4,
5, 6, 10, 20, 30, 40, 50 g/g (MMT/chitosan)].

2.3. Characterization of MMT, chitosanl MMT, and MMT/
chitosan biocomposite systems

MMT has been identified as mainly smectite group min-
erals using X-ray diffraction (XRD) and FTIR analysis
methods. XRD (Philips PW1140 model X-ray diffractome-
ter) measurements were performed at room temperature on
using Ni-filtered Cu-Ko radiation. FTIR analyses (400—
4000 cm ') were performed on a Perkin-Elmer Spectrum
One FTIR spectrometer using KBr pellets with a concen-
tration of 1%. Spectral outputs were recorded either in
absorbance or transmittance mode as a function of wave
number. Chemical analyses were performed using a Per-
kin-Elmer 3030 model atomic absorption spectrophotome-
ter. The sample had the chemical composition (wt%): SiO,
70.30; Al,O3 15.00; Fe,O5; 1.10; CaO 1.60; MgO 2.30;
Na,O 1.45; K,0 1.20; TiO; 0.30, ignition loss 6.45.

Particle size distribution was measured by using Micro-
metrics Model 5000D sedigraph, for sample dispersed in
water, with calgon and subjected to magnetic stirring.
The average particle sizes of sample have been found as

0.50 um. The specific surface areas of the samples were
determined by dye absorption technique. The calculated
values of the specific surface are 120 m*/g.

The flow behaviour of the dispersions was measured in a
Brookfield DV-III type low-shear rheometer. The rheolog-
ical behaviour of the clay suspensions was obtained by
shear stress-shear rate measurements within 0-330 s
shear rates. Rheological measurements were carried out
in duplicate.

The zeta potential measurements were carried out using
a Malvern Instruments, Zetasizer 2000. The optic unit con-
tains a 5 mW He-Ne (638 nm) laser. Before the measure-
ments, all the dispersions were centrifuged at 4500 rpm
for 30 min. Supernatants were then used for zeta potential
measurements.

The thermogravimetric analysis (TGA) was done on a
TGA Q50 V6.3 Build 189 with the heating rate of 20 °C/
min under N, atmosphere. Differential scanning calorime-
ter (DSC) was used on a DSC Q10 V8.1 Build at a heating
rate of 10 °C/min.

Digital Instruments, SPM-9500J3 SHIMADZU Scan-
ning Probe Microscope was used to examine the surface
topology.

3. Results and discussion

3.1. Rheologic and electrokinetic studies of chitosanl MMT
and MMT/chitosan biocomposites

The rheologic characterization of the MMT was exam-
ined. The flow and apparent viscosity-shear velocity curves
of the 1%, 2%, 3%, 4%, 5%, and 6% of dispersions that
have been prepared with the MMT sample, have been
drawn and the flow models are determined. The shear
stress versus shear rate for suspensions containing different
concentrations of the MMT samples are shown in Fig. 1.
All the dispersions of the MMT exhibited Newtonian
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Fig. 1. The effect of clay concentration on the flow curves.
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behaviour. Yield value has not found. Because the yield
value could not be found we can say that the interaction
between the particles at this dispersion is very small. The
electrophoretic mobility and zeta potential value was
3.33 um cm/V's, —42.4 mV for MMT dispersions (2 w/w
%), respectively. This value displays deflocculating struc-
ture of dispersion. The zeta potential is an indicator of
pushing between the particles.

The effects of chitosan on MMT dispersions (2 w/w %)
were investigated in detail using electrokinetic parameters,
such as mobility and zeta potentials (Fig. 2), and rheologic
parameters, such as viscosity, yield value, apparent and
plastic viscosity (Fig. 3a and b). Fig. 2 shows the variations
in the zeta potential as a function of the concentrations of
the chitosan. The zeta potential value unadulterated with
polymer the MMT + 1% acetic acid dispersion has been
measured as —5 mV. This value determines the system dis-
playing a flocculate structure. As can be seen, zeta potential
values decrease in absolute value with increasing the con-
centration of chitosan. It is observed that the cationic poly-
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Fig. 2. The variation of the zeta potential versus chitosan concentration
for 2% w/w MMT + 1% acetic acid dispersion.
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mer was held by clay surface. The decrease on the zeta
potential revealed that positively charged chitosan mole-
cules attached on the negatively charged clay particles.
The zero point of charge (isoelectric point) of the chito-
san/MMT biocomposite particles was observed at 0.2 g/L.

The dispersions of MMT + 1% acetic acid systems
exhibit Bingham plastic flow behaviour. Yield value was
found very small. First, it was observed that the viscosity
and yield value increased slightly with increasing amount
of chitosan added. Maximum apparent viscosity is
observed of 7.44 m Pa s at 0.32 g/L chitosan. It is observed
that flow model of 2% MMT dispersion did not change
until the addition of 0.50 g/L chitosan. With the last chito-
san addition (0.5g/L) to the MMT dispersions, the
decrease in rheological parameters has been determined
(Fig. 3a and b). After this addition, the flow of dispersion
can be defined as nearly Newtonian. Yield value has not
been found. The sharp increase after that concentration is
attributed to a decrease in the particle surface charge of
the clay with the adsorption of oppositely charged chitosan
and also bridge action of chitosan between clay particles
(Alemdar et al., 2005a, 2005b; Tadros, 1987). The groups
existing before the addition have been dispersing and the
environment can display less resistant against the flow.
These results are in good agreement with the behaviour
of zeta potential of MMT dispersion (Fig. 2).

Fig. 4 was shown schematically representation of inter-
action of chitosan polymer with MMT particles. The posi-
tive charged chitosan has been interacting with the negative
charged clay particles, the clay particle surfaces had been
covered by chitosan by increasing the concentration of
chitosan. The graph has been plotted according to the
results of rheological and electrokinetic measurements.

In the second part of the study, we investigate the effect
of MMT on the rheological, colloidal and morphologic,
structural properties of 1 g/L chitosan dispersion in 1%
acetic acid solution dispersions different MMT concentra-
tions. A value of 1 g/L chitosan + 1% acetic acid disper-
sions exhibit Bingham plastic flow behaviour. Yield value
was found very small (0.33 Pa). The MMT samples ranging

=3

05] [—*—2%MMT .

04
03
02

0,1 -

Yield Value Tp (Pa)

-—

o [ S ———— —
0 001 01 05

Cchilosan (g /L)

Fig. 3. The changes of the rheological parameters of MMT dispersions with chitosan polymer added to dispersions; (a) apparent viscosity, (b) yield value.
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Fig. 5. The changes of the apparent viscosity of chitosan + 1% acetic acid
dispersions with MMT clay added to dispersions.

between 1 and 50 g/g concentrations were added to the
chitosan dispersion (Fig. 5), as called MMT/chitosan bio-
composite. The rheologic and electrokinetic measurements
have indicated that the environment has displayed a more
defloccule structure by the increase of the bentonite
amount. Except the dispersion which has a 50 g/g
(MMT/chitosan) ratio, all dispersions has been displayed
a Newtonian flow. Only a little yield value (0.014 Pa) has
been determined at the dispersion that has a 50 g/g
(MMT/chitosan) ratio (Fig. 5). The rheological parameters
became small by the addition of MMT to the chitosan dis-
persions; the clay particles have caused the decrease in the
resistance of polymer against the flow. The negative
charged clay particles have been interacting with the posi-
tive charged polymer electrostatically, by attaching them
to its surface, obtaining the environment flow easily.

The zeta potential value of 1% chitosan solution has
been measured as +86.6 mV. Increase in the concentration
of the montmorillonite further results in a decrease on the
zeta potential value of the chitosan dispersion. This
decrease on the zeta potential revealed that positively
charged polymer molecules attached on the negatively
charged clay particles. The zeta potential decreases with
increasing concentration of MMT in MMT/chitosan sys-
tems. This is the evidence of the interaction between poly-
mer molecules and net negative load carrying clay particles
(Fig. 6).

Fig. 7 gives schematic representation of interaction of
chitosan + 1% acetic acid polymer with MMT clay added
to dispersions. The environment at the figure has been
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Fig. 6. The changes of the zeta potential of chitosan + 1% acetic acid
dispersions with MMT clay added to dispersions.

designed as a dispersion which has separate clusters of
structures and consists of polymer molecules that interact
with clay particles.

3.2. Spectral studies of chitosan/ MMT and MMT/chitosan
biocomposites

In order to understand whether added chitosan enters
into the interlayer of clay minerals or not, XRD analyses
were done to measure d-spacing (Fig. 8). It is clear that
peak position (d-spacing) in X-ray data must move to
smaller angles for the wider interlayer distance in the mod-
ified clay. The d-spacing for the unmodified MMT was
found at 26 ~ 7°, which corresponds to an interlayer dis-
tance of 12.6 A (Fig. 8a). When the addition of acetic acid
(1% and 10% concentrations) to the aqueous dispersions of
MMT, the increased the d-spacing of modified clay was
found at 260 = 5.85°, corresponding to an interlayer dis-
tance of 15.09 A (Fig. 8b and c). On the other hand, X-
ray diffraction data for both chitosan/MMT and MMT/
chitosan biocomposites exhibited the d-spacing in the rele-
vant region (Fig. 8d and e); indicating maximum interlayer
distances 16.34 A (20 = 5.4°). So, XRD analyses results
indicate that chitosan molecules did not enter sufficiently
into the layers of clay structures.

The structure of the chitosan biocomposite particles was
analyzed by using FTIR spectroscopy. Fig. 9a—c shows
FTIR spectra of MMT/chitosan biocomposites and
MMT dispersions. The spectrum of MMT shows the



362 E. Giinister et al. | Carbohydrate Polymers 67 (2007) 358-365

Clay particles

it o

Fig. 7. Schematic representation of interaction of chitosan + 1% acetic acid polymer with MMT clay added to dispersions.
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Fig. 8. XRD data of 2% MMT dispersed in (a) distillated water, (b) 1%
acetic acid, (c¢) 10% acetic acid, and (d) 2% MMT dispersion with 0.08 g/L
chitosan in 1% acetic acid, (e) 6 g/g (MMT/chitosan) dispersion in 1%
acetic acid.

characteristic bands 3627 cm™' due to O-H stretching, a
broad peak centred on 3449 cm™' due to interlayer and
intralayer H-bonded O-H stretching, 1641 cm™' due to
H-O-H bending, 1087 and 1035 cm ™' due to Si-O stretch-
ing, 916 and 626 cm™' due to Al-OH, 843 and 793 cm™!
due to (Al, Mg)-OH vibration modes and 520 and
467 cm ! due to Si-O bending vibrations (Alemdar et al.,
2005a; Marel & Beutelspacher, 1976). The exchange of
simple inorganic cations by the other ions results in the

enhancement of the intensity of the 3500-3200 cm ' band
along with a reduction of intensities due to Si-O and Al-
O. The increase in intensity of the 3500-3200 cm ™' band
reflects the increased hydrogen bonding between the lattice
hydroxyls and organic groups. When the protons in chito-
san are hydrogen-bonded to the oxygen species of Si-O
and Al-O segment, Si—O and Al-O bonds would be weak-
ened and the tetrahedral symmetry of these moieties will be
distorted. On the other hand, FTIR analysis shows that the
MMT/chitosan composites exhibited resolved N-H, O-H,
and C-H bands when the composites are formed. The
chitosan composites show three stretching vibration
regions: N-H and O-H from chitosan, and O-H, Si-O,
(Al, Mg)-OH, or Al-OH from the MMT. This would
result in the change of the IR band positions as well as
the reduction of intensities of the bands. It can clearly be
seen that the chitosan adsorbed MMT spectra; exhibit
the presence of characteristic absorptions due to the organ-
ic and inorganic groups.

While standard chitosan showed peaks at 2929 and
2874 cm ™! (aliphatic C-H stretching), 1385cm™! (C-H
bending), 1651 cm™' (N-H bending), 1560 cm™' (N-H
bending), 1425 and 1401 cm~' (C-H bending), 1138 and
1095 cm™! (C-O stretching), and the infrared spectra of
10 g/g (MMT/chitosan) biocomposite (Fig. 9a) showed
additional peaks including 1612cm™' (N-H bending),
1566 cm™' (N-H bending), 1450 and 1425cm™' (C-H
bending), and also absorbencies due to structural O-H
stretching at 3621 cm™', H-O-H deforming (absorbed
water) at 1634 cm™!, and Al-O vibrations at 915, 624
842, and 792 cm ™! confirm the presence of MMT in the dis-
persion. In the bentonite chitosan adsorption products, the
structural O-H stretching peak was broadened and gave a
maximum at 3621 cm ™!, and the Si-O stretching peaks
were also gave a maximum at 1086 and 1034 cm™' and
finally Si-O bending peaks were not changed significantly
(520 and 467 cm'). The spectrum of 50 g/g (MMT/chito-
san) biocomposite also contains characteristic bands of all
components. These results showed that the chitosan mole-
cules and clay particles mainly interact on the surface each
other. The O-H stretching frequencies of the MMT-chito-
san biocomposite molecules adsorption products were
broadened and displaced to lower frequencies by about
12-14 cm™ . These shifts may be attributed to formation
hydrogen bonds. In addition, the intensities of the Al-O



E. Giinister et al. | Carbohydrate Polymers 67 (2007) 358-365 363

%T 304

3,
4000,0 3600 3200 2800 2400 2000 1800
cm-1

1600 1400 1200 1000 800 600  400,0

Fig. 9. FTIR spectra of (a) 10 g/g (MMT/chitosan) dispersions, (b) 50 g/g (MMT/chitosan) dispersions, (c) Na-montmorillonite.

bands and structural O-H stretching vibrations also
decrease in the order MMT <50 g/g (MMT/chito-
san) < 10 g/g (MMT/chitosan). This is attributed to the
relaxation of hydrogen bonding between (Al-O) O-H
deformations as well as to the hydrated water of exchange-
able cationic metal ions on the montmorillonite surface.
This observation is in agreement with our explanation of
the change in zeta potential and XRD studies.

3.3. Morphology of biocomposites

Atomic Force Microscopy technique was used to char-
acterize the morphology of MMT/chitosan biocomposite
systems. Fig. 10a and b shows, AFM image of the surface
of 10 g/g (MMT/chitosan) and 50 g/g (MMT/chitosan),

1.40
um

0.00

5.00 x 5.00 um

2.00 um

respectively. When a layered structure has been observed
at Fig. 10a, the clusters formed of layered structures by
increasing the clay particles (Fig. 10b). The average dimen-
sions of the clusters have been determined approximately
2.2 um. The mean surface roughness, R,, of the samples
was measured with scanning areas of 5.00 x 5.00 um?. R,
values are; 205.5 nm for 10 g/g (MMT/chitosan) biocom-
posite film, 177.5 nm for 50 g/g (MMT/chitosan) biocom-
posite film.

3.4. Thermal properties of biocomposites
Table 1 shows the TGA and DSC results for pure chito-

san, 10 and 50 g/g (MMT/chitosan) biocomposite. It was
found that the MMT/chitosan biocomposite particles
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Fig. 10. Atomic force microscopy image of (a) 10 g/g (b) 50 g/g (MMT/chitosan) dispersions.
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Table 1

TGA and DSC analysis results

Material 73" (°C) T3> (°C) WO (%) 7, (°C) Tn® (°C)
Chitosan 279 718 35 50 137
MMT/chitosan (10 g/g) 666 727 81 Not observed 152
MMT/chitosan (50 g/g) 431 687 76 149 226

# Twenty percentage weight loss onset temperature.
® Maximum weight loss onset temperature.

¢ Weight percent of residue at 600 °C.

9 Glass-transition temperature.

¢ Melting temperature.

exhibited a higher thermal decomposition temperature
compared to pure chitosan particles. Because inorganic
species have good thermal stabilities, it is generally believed
that the introduction of inorganic components into organic
materials can improve their thermal stability. This increase
in the thermal stability can be attributed to the high ther-
mal stability of clay and to the interaction between the clay
particles and the chitosan (Chang, An, & Sur, 2003; Straw-
hecker & Manias, 2000). Twenty percentage weight loss of
chitosan, 10 g/g MMT/chitosan, and 50 g/g MMT /chito-
san was observed as 279, 666, and 431 °C, respectively.
Maximum weight loss percentages for chitosan, 10 and
50 g/g (MMT/chitosan) composites were observed as
718 °C (weight loss 65%), 727 °C (weight loss 19%), and
687 °C (weight loss 24%), respectively. Weight of the resi-
due at 600 °C increased with clay loading. In brief, the ther-
mal stability of chitosan-MMT biocomposite was observed
to increase with 91% clay content (10 g/g (MMT/chitosan)
biocomposite). This implies that MMT was effective in
improving the thermal stability of the chitosan systems.

The glass-transition behaviours of the chitosan and
MMT/chitosan biocomposite systems were measured by
the DSC analysis. The glass transition temperature and
melting endothermic peak of chitosan, 10 g/g (MMT/chito-
san), and 50 g/g (MMT/chitosan) has been shifted remark-
ably. Compared the glass transition temperature of
chitosan and 50 g/g MMT, the temperature is shifted from
50 to 149 °C. DSC does not detect any traces of thermal
transitions for between 10 g/g MMT/chitosan. The melting
endothermic peak of chitosan is observed at 137 °C, while
the peak of 10 g/g (MMT/chitosan), 50 g/g (MMT/chito-
san) biocomposites is shown at 152 and 226 °C, respective-
ly. The melting temperature increased with increasing
amounts of clay in the chitosan.

4. Conclusion

The adsorbed chitosan are affected the rheological,
electrokinetic, and surface properties of MMT dispersions.
The electrokinetic measurements have shown that the
chitosan polymer stays on the clay particle surfaces and
the XRD studies have shown that they do not get into
the basal intervals. The FTIR spectra can clearly be seen
that all spectra exhibit the presence of characteristic
absorptions due to the organic and inorganic groups. FTIR
results show that the chitosan molecules and clay particles

mainly interact on the surface each other. The surface of
the 10 g/g (MMT/chitosan) biocomposite films is rougher
than that of the 50 g/g (MMT/chitosan) biocomposite film.

The rheologic measurements have displayed that the
chitosan addition to montmorillonite dispersions has
caused first flocculation then deflocculating in the disper-
sion. However, when clay addition is made to chitosan,
the system has become deflocculated from the first addi-
tion. When the clay amount is increased the thermal tenac-
ity of chitosan has been increased. As a result if
deflocculated structure of chitosan is desired and a higher
thermal tenacity is asked for, the addition of montmoril-
lonite will give positive results.
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