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Abstract

Chitosan/layered silicate nanocomposites with different ratios were successfully prepared via solution-mixing processing technique. Unmod-
ified Ca*"-rectorite and organic rectorite modified by cetyltrimethyl ammonium bromide were used. Their structures were characterized by
XRD, TEM and FT-IR techniques. The results showed that chitosan chains were inserted into silicate layers to form the intercalated nanocom-
posites. The interlayer distance of the layered silicates in the nanocomposites enlarged as its amount increased. When the weight ratio between
chitosan and organic rectorite was 12:1, the largest interlayer distance of 8.24 nm was obtained. However, with further increase of its amount, the
interlayer distance of the layered silicates in the nanocomposites reduced. In vitro antimicrobial assay showed that pristine rectorite could not
inhibit the growth of bacteria, but chitosan/layered silicate nanocomposites had stronger antimicrobial activity than pure chitosan, particularly
against Gram-positive bacteria. With the increase of the amount and the interlayer distance of the layered silicates in the nanocomposites, the
nanocomposites showed a stronger antibacterial effect on Gram-positive bacteria, while the nanocomposites showed a weaker antibacterial effect
on Gram-negative bacteria. The lowest minimum inhibition concentration (MIC) value of the nanocomposites against Staphylococcus aureus
and Bacillus subtilis was 0.00313% (w/v), and the relative inhibition time (RIT) against B. subtilis with concentration of 0.00313% (w/v)

was >120 h.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, polymer/layered silicate nanocomposites
have attracted considerable interest since they combine the
structure, physical and chemical properties of both inorganic
and organic materials. Most work with polymer/layered silicate
nanocomposites has concentrated on montmorillonite (MMT)
[1] although rectorite (REC) may be more preferred. REC is
another kind of layered silicate with structure and characteristic
much like those of montmorillonite. It is a sort of regularly in-
terstratified clay mineral with alternate pairs of dioctahedral
mica-like layer (nonexpansible) and dioctahedral montmoril-
lonite-like layer (expansible) in a 1:1 ratio. The separable layer
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thickness and layer aspect ratio (area—thickness) of REC are
larger than those of regular montmorillonite [2]. These charac-
teristics may be favorable for forming the intercalated or exfo-
liated nanocomposites, and help to improve the efficiency of
reinforcement of nanolayers in many properties.

Although several types of polymer/layered silicate nano-
composite products with different shapes and applications
including food packaging films and containers, engine parts,
dental materials, etc. are now available in markets [3], poly-
mer/layered silicate nanocomposites with antimicrobial activ-
ity, which will be very much favorable to the nanocomposites’
applications are rarely seen.

Chitosan (CS) is a high molecular weight polysaccharide
composed of [-(1,4)-2-acetamido-2-deoxy-p-glucose and
B-(1,4)-2-amino-2-deoxy-D-glucose units. As a natural antimi-
crobial agent, the antibacterial and antifungal activities of CS
have been widely reported, suggesting high killing rate, broad
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spectrum of activity and low toxicity towards mammalian cell
[4]. In order to improve its antimicrobial activity further, some
researchers have prepared complexes of CS with certain mate-
rials, which also exhibited good bacteriostatic activity such as
surfactants [5], metals [6], essential oils [7] and some organic
acids [8]. On the other hand, it should be noted that modified
layered silicates could adsorb both natural and anthropogenic
toxin [9,10] and exhibit an inhibitory property for the prolifer-
ation of bacteria. So it is a good opportunity to prepare the CS/
layered silicate nanocomposites that will exhibit enhanced an-
timicrobial activity. Until recently, there are only a limited
number of reports about chitosan/layered silicate nanocompo-
sites based on MMT [11—13]. Darder et al. synthesized
functional CS/MMT nanocomposites, which have been suc-
cessfully used in the development of bulk modified electrodes
[11,12]. Wang et al. reported the effect of acetic acid residue
and MMT loading in the nanocomposites [13]. They prepared
the CS/MMT nanocomposites based only on pristine MMT
rather than modified MMT, so the obtained interlayer distance
was not very large, which may affect directly the great
improvement of the material properties. In other cases, CS/
layered silicate nanocomposites dealing with REC have
scarcely been reported, which will be proved as a good
intercalation effect in our work.

In the present work, organic rectorite (OREC) was first
prepared by means of cation exchange. Then a series of CS/
layered silicate nanocomposites were synthesized. Their struc-
tures were characterized by XRD, TEM and FT-IR techniques.
Thermal stability was confirmed by TG analysis. Antibacterial
activity of the nanocomposites was evaluated.

2. Experimental
2.1. Materials

Chitosan (CS) from a shrimp shell was purchased from
Yuhuan Ocean Biochemical Co. (Taizhou, China). The degree
of deacetylation was 92% (determined by elemental analysis)
[14] and its weight average molecular weight was 2.1 x 10°
(determined by GPC method) [15].

Calcium rectorite (Ca>"-REC) refined from the clay min-
erals was provided by Hubei Mingliu Inc. Co. (Wuhan, China).
Cetyltrimethyl ammonium bromide (CTAB) was supplied by
Xinrui Science and Technology Inc. Co. (Wuhan, China).
All other chemicals were of analytical grade.

2.2. Synthesis of organic rectorite

The organic rectorite (OREC) was prepared by a cation
exchange between Ca®'-rectorite galleries and CTAB in an
aqueous solution. Rectorite (4 g) was dispersed in distilled wa-
ter to obtain clay suspension using a stirrer, and left standing
for 24 h after vigorous stirring for 30 min. CTAB (2 g) was
dissolved in water, and then dropped slowly into the REC sus-
pension at 90 °C under stirring. After stirring for 5 h, the prod-
uct was washed several times with distilled water and filtered
to ensure the complete removal of bromide ions, which were

detected with AgNOj until no AgBr precipitate was found.
The product was dried at 90 °C to yield OREC.

2.3. Preparation of the chitosan/layered silicate
nanocomposites

CS was dissolved in 1% (w/v) acetic acid to prepare the
0.5% (w/v) solution. The resulting solution was added slowly
into the pretreated OREC and REC suspensions under stirring
at 60 °C to obtain nanocomposites with initial CS/OREC
weight ratios of 2:1, 6:1, 12:1, 20:1, and 50:1 and CS/REC ra-
tios of 6:1, 12:1, and 20:1. The resulting mixture was agitated
for 2 days, and then precipitated with 1 mol/l NaOH. The
formed composites were washed with distilled water until
the solution became neutral. Finally the nanocomposites
were dried at 50 °C and ground to powder.

2.4. Characterizations of nanocomposites

The X-ray diffraction (XRD) experiment was performed
using a diffractometer type D/max-rA (Tokyo, Japan) with
Cu target and Ko radiation (A=0.154 nm) at 40kV and
50 mA. The scanning rate was 0.02°/min and the scanning
scope of 26 was 0.7—10° and 5—45° at room temperature.

Ultrathin films for transmission electron microscopy (TEM)
were prepared by cutting from the epoxy block with the em-
bedded nanocomposite sheet at room temperature using an
LKB-8800 ultratome. The TEM micrographs were taken using
a transmittance electron microscope [JEM-2010 FEF (UHR),
JEOL, Japan] at an accelerating voltage of 200 kV.

IR spectra were recorded in KBr pellets on a Nicolet FT-IR
5700 spectrophotometer (Madison, USA) by the method of
transmission.

Thermogravimetry (TG) was performed using a Setaram
Setsys 16 TG/DTA/DSC (France) under a nitrogen atmosphere
of 0.15MPa from 25 to 600 °C and at a heating rate of
10 °C/min.

2.5. Antibacterial assays

Gram-positive bacteria Staphylococcus aureus, Bacillus
subtilis and Gram-negative bacteria Escherichia coli, Pseudo-
monas aeruginosa were provided by China Center for Type
Culture Collection (CCTCC at Wuhan University) and incu-
bated on nutrient agar (peptone 1%, beef extract 0.5%, NaCl
0.5%, agar 2%, pH =17.2).

The antibacterial activity of the nanocomposites was evalu-
ated by finding the minimum inhibition concentration (MIC)
and the relative inhibition time (RIT) as follows: the micro-
organism suspension was adjusted by sterile distilled water to
10°—10° cell/ml. The nanocomposites, CS, REC and OREC
solutions were prepared in acetate buffer (pH = 5.4) ata concen-
tration of 1% (w/v). The resulting solutions and the nutrient agar
were autoclaved at 121 °C for 20 min. The twofold serial dilu-
tions (1 ml) of each sample were added to sterile petri-dishes
together with 9 ml nutrient agar to the final concentrations of
0.1% (w/v), 0.05% (w/v), 0.025% (w/v), 0.0125% (w/v),
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0.00625% (w/v), 0.00313% (w/v), and 0.00156% (w/v). A loop
of each microorganism suspension was inoculated on cooled
nutrient medium by means of drawing a stripe. The bacteria
were cultured at 37 °C. MIC values were read after a 24 h
culture and RITs were obtained after 5 days.

The minimum inhibition concentration (MIC) was defined
as the lowest concentration required to inhibit the growth of
the bacteria, i.e. the concentration at which no microorganism
colony or less than 5 colonies were visible within 19—38 h.
Relative inhibition time (RIT) was determined by the time
when the bacterial colonies were deterred to grow, i.e. the dif-
ference between the time when colonies in the experiments
were visible on agar plates and the corresponding time in
the control plates [5].

3. Results and discussion
3.1. Structure and morphology

Fig. 1(A) shows XRD patterns of Ca’"-rectorite and
OREC. Ca’*-rectorite exhibits 26 = 3.59° and the Ad; value
(the interlayer distance) is 2.45 nm, calculated by the Bragg’s
equation. In comparison with REC, the dyy; peak of OREC
shifts towards lower angle (20 =3.16°) and the Ad; value is
2.94 nm. This fact confirms that CTAB has been intercalated
into the interlayer of unmodified Ca**-rectorite [2]. XRD
curves for the nanocomposites prepared from CS with differ-
ent unmodified REC and OREC contents are presented in
Fig. 1(B) and (C). The characteristic 001 diffraction peaks
of all the nanocomposites shift towards low angles as com-
pared to the pristine REC, it reveals that the CS chains have
inserted into the layered silicates and the intercalated nano-
composites with a larger Adp values have formed. Interest-
ingly, the interlayer distance of all the nanocomposites is not
proportional to the amount of untreated REC and OREC, indi-
cating that the Adj, values are not affected by the amount of
the layered silicates, which is in accordance with the previous
report [16]. The interlayer distance of the layered silicates en-
larged as its amount increased. When the mass ratio between
chitosan and organic rectorite was 12:1, the largest interlayer
distance of 8.24 nm was obtained. But with further increase
of its amount, the interlayer distance of the layered silicates re-
duced. And it can be found that the intercalation effect of CS/
OREC nanocomposites was much better than that of CS/REC
nanocomposites. The fact may be because the modified agent
has greatly improved the hydrophobic nature and allowed the
CS to interact better with the layered silicates [17]. Besides, in
comparison with the CS/MMT nanocomposites [11—13], CS/
layered silicate nanocomposites based on REC have shown
better intercalation effect, which will be favorable for greatly
improving the material properties.

TEM micrographs of CS/clay nanocomposites are shown in
Fig. 2 in two levels of magnification. The dark lines and the
bright area represent the clay and the CS matrix, respectively.
Distinguishable clay particles show the extent of clay particle
dispersion in the polymeric matrix [18]. The micrographs
clearly indicate that the silicate layers are dispersed well
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Fig. 1. (A) XRD patterns of (a) OREC and (b) unmodified REC. (B) XRD pat-
tern of nanocomposites with different CS/REC ratios of (a) 6:1, (b) 12:1, and
(c) 20:1. (C) XRD patterns of CS and nanocomposites with different CS/
OREC ratios of (a) 2:1, (b) 6:1, (¢) 12:1, (d) 20:1, and (e) 50:1.
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Fig. 2. TEM micrographs of nanocomposites with different CS/OREC ratios of (a) 6:1, (b) 12:1, and (c) with CS/REC ratio of 12:1.

into the CS matrix at a nanometer scale. Moreover, few aggre-
gated clay can be observed in the 6:1 CS/clay nanocomposites
as compared to the 12:1 CS/clay nanocomposites, that is to
say, as the content of clay increased, most of the layered sili-
cates can disperse uniformly in these CS/layered silicate nano-
composites. Good dispersion of clay in the polymer matrix
will have a significant effect on the properties of the nanocom-
posites. A closer observation of the micrograph reveals that
most of the layers (especially in picture a and picture c) are
stacked together, this is because the layers were intercalated
rather than exfoliated with the Ad; value of only around
3 nm (see the XRD results and the micrographs at high mag-
nification in Fig. 2). The presence of those multiplets was also
observed by Kornmann et al. in epoxy—clay nanocomposites
[19]. Besides, it should be noted that some layers are apart
in picture b, as demonstrated by the large Ad; value of
8.24 nm by the XRD analysis, and it means that few exfolia-
tions occurred for the 12:1 CS/OREC nanocomposite.

As shown in Fig. 3, in comparison with REC, OREC has
additional adsorption peaks appearing at 2921 cm™' and
2851 cm™ ! which belong to —CH,—, —CHj stretching vibra-
tions; the result reveals again that CTAB has been exchanged
into the interlayer of unmodified Ca*"-rectorite [16]. In the
spectra of the nanocomposites, the N—H bonded to O—H
vibration band at 3448 cm ' in CS shifts towards lower fre-
quency, wider and stronger peaks are observed in all the CS/
OREC nanocomposites. This fact indicates that —NH, and
—OH groups of CS formed hydrogen bonds with the —OH
group in REC which coincided with the CS/MMT nanocom-
posites [13]. Another reason may be related to a strong hydro-
gen bonding interaction between CS molecules and inside CS
molecules when constrained into the gallery of REC layers.
Evidence for this is seen in the spectra of the 12:1 CS/
OREC nanocomposite with the largest loading of CS chains
into the interlayer of REC, where the N—H and O—H
vibrations shift to the lowest frequency (3419 cm™') of all
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Fig. 3. FT-IR spectra of REC, OREC, CS and nanocomposites with different
CS/OREC ratios of (a) 2:1, (b) 6:1, (¢) 12:1, (d) 20:1, and (e) 50:1.

the nanocomposites. In addition, a new peak at 1547 cm™" ap-
pears in the spectra of this 12:1 CS/OREC nanocomposite, it
can be further concluded that the interaction between CS
and REC has happened.

As suggested in Fig. 4, the crystal peak near 10° in the
nanocomposites gradually disappears and the crystal peak
near 20° becomes wider and weaker as compared to pure
CS. It is evident that the addition of REC greatly changed
the crystallinity of CS. This fact confirms the strong interac-
tion between CS and REC as well.

Based on the above analysis, it can be established that CS
had interacted strongly with clay and was intercalated into
the interlayer of clay. In addition, the CS chains were sand-
wiched between the silicate layers while the well ordered
multilayer morphology of clay was still present.
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Fig. 4. XRD patterns of CS and nanocomposites with different CS/OREC
ratios of (a) 6:1, (b) 12:1, and (c¢) 20:1.

3.2. Thermal analysis

TG curves of CS and the nanocomposites are shown in
Fig. 5. Obviously, these curves of the nanocomposites are sim-
ilar to those of CS, in which the two-temperature stages of
maximum weight-loss rate can be observed [20]. It can be
seen that T, (the temperature when the rate of weight loss
reaches a maximum) of the nanocomposites is higher than
that of CS, while their weight loss is less than that of CS, it
means that the nanocomposites exhibited better thermal stabil-
ity than did the pure chitosan. It can be resulted from the inter-
action between CS and clay. Because REC nanolayers with
high aspect ratio acted as barriers, they may strongly hinder
the volatility of the decomposed products obtained from pyrol-
ysis and limit the continuous decomposition of CS [16]. Fur-
thermore, when CS chains were in a restrained state in the
gallery space of the layered structure, CS maintained the frac-
tional free volume smaller [21]; besides hydrogen bonding both
between CS molecules and between CS and clay was promoted
(see the FT-IR analysis), so the reduced mobility of CS chains
may be another important factor to induce an enhancement of
thermal stability of the nanocomposites.

It can be further observed that the 2:1 CS/OREC nanocom-
posite with the highest amount of OREC has the highest T},.x,
while the 12:1 CS/OREC nanocomposite with the largest
interlayer distance has a T,,, similar to the 6:1 CS/OREC
nanocomposite. It implies that the thermal properties are di-
rectly proportional to the interlayer distance and the amount
of clay. With the increase of the amount of clay as barriers,
the barrier behavior was further enhanced as a result of good
dispersion. Similarly, as the interlayer distance enlarged,
more CS chains between the interlayer formed hydrogen
bond, and more fractional free volume became small, then
the mobility of more CS chains was reduced. Accordingly,
the good thermal stability was obtained. Therefore, conclusion
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Fig. 5. Thermogravimetry curves of CS and nanocomposites prepared from
CS/OREC ratios of (a) 2:1, (b) 6:1, (¢) 12:1, (d) 20:1, and (e) 50:1.
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can be drawn that the interlayer distance and the amount of
clay can result in significant effect on the properties of CS/clay
nanocomposites, just like the following antibacterial activity.

3.3. Antimicrobial activity

As to investigate whether REC and OREC themselves have
antibacterial properties, REC and OREC were tested when dis-
solved in acetate buffer. As seen in Table 1, untreated REC has
hardly inhibited the bacterial growth, whereas OREC only
shows a slight antibacterial activity. And all the nanocomposites
show better inhibitory effect than pure CS, REC and OREC.

As shown in Tables 1 and 2, all the nanocomposites show
excellent inhibition effect on Gram-positive bacteria. The
MIC values of the nanocomposites are 4—30 times lower
than that of CS, and the RITs of the nanocomposites are
more than 3 times longer than that of CS.

It was suggested that a main factor for the antibacterial ac-
tivity could be due to the positively charged amino groups at
C-2 in the CS molecule in solution below its pK, (6.3) [22],
they could interact with the predominantly anionic molecules
at the cell surface. This interaction could change the perme-
ability of the cell membrane of the microorganisms, resulting
in a leakage of intercellular components [22], and then caused
the death of the cell [23]. On the other hand, it was reported
that clay with large specific surface area could adsorb the bac-
teria from the solution and immobilize the bacteria with the
help of its excellent adsorption capacity [9], although the
natural clay doesn’t have inhibitory effect on bacteria. In this
system, the antibacterial process of CS/clay nanocomposites
may be divided into two stages. The first stage was the adsorp-
tion of the bacteria from the solution and immobilization on
the surface of the clay. The second stage was related to the ac-
cumulation of CS on the surface of the clay; CS chains were in
order and aggregated when confined in the interlayer of the

Table 1
MICs (%) (w/v) of nanocomposites comparing with CS, REC and OREC
against different microorganisms

Sample Gram-positive bacteria Gram-negative bacteria
Staphylococcus  Bacillus  Escherichia  Pseudomonas
aureus subtilis coli aeruginosa

Acetate buffer 0.1)* - 0.1) -

(pH=5.4)

CS 0.025 0.1 0.05 0.1

REC 0.1) - 0.1) -

OREC 0.05 0.05 0.1 0.1

CS/OREC nanocomposites (CS:OREC)

2:1 0.00313 0.00313  0.025 0.05
6:1 0.00625 0.0125 0.025 0.05
12:1 0.00313 0.00625  0.025 0.05
20:1 0.0125 0.025 0.0125 0.025
50:1 0.0125 0.025 0.0125 0.025

CS/REC nanocomposites (CS:REC)

2:1 0.025 0.025 0.05 0.1
12:1 0.0125 0.025 0.05 0.1
20:1 0.025 0.05 0.025 0.05

# Ineffective at the tested concentration is shown in brackets.

Table 2
RITs (h) of CS and different nanocomposites against different microorganisms

Sample Concentrations Gram-positive bacteria Gram-negative bacteria

Staphylococcus Bacillus Escherichia Pseudomonas

aureus subtilis  coli aeruginosa

Chitosan 0.05 24 <24 24 <12
CS/OREC nanocomposites (CS:OREC)

2:1  0.05 >120 >120 48 24

6:1 0.05 >120 >120 48 24

12:1  0.05 >120 >120 48 24

20:1 0.05 >120 120 72 48

50:1 0.05 >120 72 72 48
CS/REC nanocomposites (CS:REC)

6:1  0.05 >120 72 24 12

12:1  0.05 >120 72 24 12

20:1 0.05 120 72 48 24

silicates, positive charge (amino groups) density in unit
volume may increase, accordingly, the stronger interaction
between amino groups and bacteria may occur. Hence, the
nanocomposites have better inhibitory effect on the growth
of bacteria as compared to pure CS. In addition, it is seen
that the CS/OREC nanocomposites show much stronger anti-
bacterial activity than the CS/REC nanocomposites. The result
indicates that the cooperation effect of CS, REC and CTAB
may induce excellent inhibition properties on the Gram-
positive bacteria for the CS/OREC nanocomposites.

In addition, it can be observed that the higher amount and
the larger Ady, value of the layered silicates resulted in the
stronger inhibitory activity against Gram-positive bacteria.
And the 2:1 CS/OREC nanocomposite with the highest
amount of OREC and the 12:1 CS/OREC nanocomposite
with the largest interlayer distance show the strongest antibac-
terial activity. As the amount of clay increased, the effective
layers in unit weight may increase because of good dispersion
(see TEM results), thereupon larger specific surface area was
obtained, and more bacteria were adsorbed and immobilized
on the surface of clay, then CS inhibited them. In the same
way, with the increase of the interlayer distance, specific sur-
face area of the layers also magnified; besides more CS chains
were inserted into the interlayer and positive charge density in
unit volume further increased; in this way, CS may have more
chance to inhibit the growth of the bacteria. Therefore, alterna-
tively, the increase of the amount or the interlayer distance
may result in the improvement of the inhibitory activity
against Gram-positive bacteria.

However, the inhibitory activity against Gram-negative
bacteria for the nanocomposites is not as good as the inhibitory
activity against Gram-positive bacteria. The MIC values of the
nanocomposites are only 2—4 times lower than that of CS,
and the RITs of nanocomposites are just 2—3 times longer
than that of CS. Moreover, as the amount and the interlayer
distance of clay increase, the nanocomposites show decreasing
inhibitory effect on Gram-negative bacteria. The fact may be
related to the cell structure of the bacteria: Gram-positive bac-
teria have thick cell wall and no outer membrane, whereas
Gram-negative bacteria have thin cell wall and its most layers
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are outer membranes [5]. Hence, pure CS may have different
action mechanisms against Gram-negative bacteria and
Gram-positive bacteria [24—26]. Furthermore, the adsorption
action of the layered silicates against two species of bacteria
may also be different. Further studies should be done to explain
the fact.

4. Conclusions

A series of CS/layered silicate nanocomposites were suc-
cessfully synthesized which indicated a good intercalation of
the polymeric phase into clay interlayer galleries. FT-IR and
XRD results showed the interaction between CS matrix and
REC. It was the interaction that caused the enhanced thermal
stability and antimicrobial activity in comparison with pure
CS, and they were proportional to the amount and the interlayer
distance of the layered silicates. With the increase of the
amount and the interlayer distance of the layered silicates, the
nanocomposites showed stronger antibacterial effect on Gram-
positive bacteria, while the nanocomposites showed weaker
antibacterial effect on Gram-negative bacteria. There were sev-
eral possibilities to explain the results about Gram-positive
bacteria, but for Gram-negative bacteria, consideration was
only taken from its different cell structure according to the pres-
ent work. Further work should be done to explain the results.

The results from this study may be used as a foundation
for the future development of new types of polymer/layered
silicate nanocomposite materials with antimicrobial activity.
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