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ABSTRACT

In this work, we report the relationship between the electrical conductivity and nanoparticle effective surface area with
functional properties of polymer-metal and polymer-clay nanocomposites. Conductivity of the nanocomposite strongly depends
upon metal/clay nanoparticle size and concentration that ultimately dictate where the system percolates. Knowledge of
percolation properties allows the design of functional nanocomposites for biomedical and sensors applications. Herein we report
the successful production of three functional chitosan-metal/clay nanocomposites: a) chitosan-Ag films with antibacterial
properties, b) chitosan-Au potentiometric sensor for detection of Cu*™ and c) chitosan-nanoclay potentiometric sensor for
detection of NOs.. For all these applications the best functional performance of nanocomposites has been observed when NPs
concentration increases and approaches the percolation threshold. The obtained relationship between electrical percolation
threshold and functional properties of polymer nanocomposites is of primary importance in the design of high-performance
applications. Copyright © 2016 VBRI Press.
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Introduction

In recent decades natural polymers with inorganic
nanoparticle composites have attracted increasing attention
because of their unique properties emerging from the
combination of organic and inorganic hybrid materials.
Polymers are a suitable matrix material for stabilization and
homogeneous nanoparticles (NPs) dispersion in the
polymer environment. Properties of nanocomposites
essentially depend upon the high surface area of the NPs,
which in turn depend upon the size and concentration of
NPs. Generally; the resultant nanocomposites display
enhanced optical, mechanical, magnetic and electric
properties. Due to such properties polymer-nanoparticles
composites find applications in novel electrical, optical,
magnetic, catalytic, biomedical and sensing technologies
[1, 2].

Different routes of synthesis of polymer-NPs
composites have been proposed; the most relevant are:
intercalation of nanoparticles with the polymer from
solution; in situ intercalative polymerization; melt
intercalation; direct mixture of polymer and particles; in
situ  polymerization; sol-gel process; and chemical
reduction of precursors by reducing agents in polymer
solution, etc. [1, 2].

Synthesis method directly affects nanocomposite
properties such as nanoparticle dimension, shape, size and
concentration, interaction with polymer matrix, among
others. Dimensional features of NPs can be obtained from
TEM, SEM or AFM measurements but the fine-control of
NPs concentration is still a challenge. Additionally, one of

the most important questions of nanotechnology is how to
compare properties of nanocomposites (with the same
polymer matrix and type of nanoparticles) obtained using
different methods of preparation (precursors, reducing
agents, temperature, etc.). Another problem arises on how
to optimize NPs concentration with the highest surface area
in the composites while avoiding agglomeration.

Polysaccharides, polyanilines,  polystyrenes, and
epoxies, among others are used as nanocomposite’s matrix;
they exhibit highly insulating dielectric behavior and a very
high electrical resistivity. Conversely most nanoparticles
such as metallic, carbon nanotubes, and clay exhibit low
resistivity. Consequently a mixture of high and low
resistivity materials (characterized by their electrical
conductivity o, and dielectric constant €) will exhibit a
percolation phenomenon: the conductivity of the
nanocomposite will change from the one of the dielectric
component to the one of the metallic component; the
dielectric constant will diverge near the percolation
threshold [3, 4].

According to percolation theory, the DC conductivity
above the percolation threshold can be characterized by a
simple power law [4, 5]:

ox(p-p,) @

where, p represents the volume fraction of conductivity
phase, p. is the critical fraction at the percolation threshold
and t is a critical exponent which only depends on the
dimensionality of the percolation system; values are
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typically ca. 1.3 and 2.0 for two and three-dimensions,
respectively [4]. For the nanocomposite system, the
percolation phenomenon is observed when conducting
particles of the disperse phase come into close contact with
each other; a continuous path extends throughout the
system as the volume fraction of the disperse phase
approaches a critical value p.[6, 7].

It is noteworthy that polymer nanocomposites are often
characterized as a function of weight percent (wt. %)
instead volume fraction (see, for example [8-11]) due to the
following particle complexation: there exists an interfacial
shell between metallic NPs that promote electric channeling
before the metal particles have actual physical contact
[12, 13]. These interfacial shells may depend upon the
method of nanocomposite preparation. Therefore, polymer-
NPs composite should be regarded as a material behaving
as "complex particles" with a dimension higher than that of
NPs; the volume fraction differs from the one of NPs
embedded in the polymer matrix [12]. For this reason wt %
of NPs better characterizes percolation properties of
nanocomposites allowing comparing nanocomposites
obtained by different preparation methods.

Application of many nanocomposites, as mention above,
are based upon the high effective surface area of the NPs,
which after percolation threshold can decrease due to
agglomeration of NPs in clusters that decrease the
effectiveness of nanocomposites. Therefore, optimum NPs
concentration in polymer-metal/clay nanocomposites must
be close to the percolation threshold concentration before
agglomeration overwhelms the high surface area of the
NPs.

The aim of this work is to confirm that the effective
surface area of metal/clay NPs on chitosan-based
nanocomposites is correlated with the percolation
threshold. This correlation may be used for the smart
design of: 1) antibacterial films for the biomedical field,
and 2) potentiometric sensors for heavy metal and anion
detection. It is known that these chitosan-based
nanocomposites strongly depend upon effective surface
area of NPs. Chitosan is a polysaccharide that has been
successfully applied in a wide spectra of applications
including medicine, food and chemical engineering,
pharmaceutical, sensing and agriculture due to its
biocompatibility and biodegradability, intrinsic
antibacterial nature and ability to be prepared in various
physical forms [14, 15].

In this work, properties of chitosan (CS)-based
nanocomposites with metallic silver (AgNPs), gold
(AuNPs) and clay nanoparticles have been investigated.
The relationship between electrical properties and optimum
concentration of NPs for application in biomedicine and
sensors has been also assessed.

Experimental
Materials synthesis

Chitosan medium molecular weight (M,,=300 kDa and
82 % of degree of deacetylation) was purchased from
Sigma-Aldrich. AgNO;, HAUCI, and acetic acid were also
purchased from Sigma Aldrich and were used as received.
Sodium Bentonite extracted from Cuencamé Durango,
Meéxico was purchased from FEMISA SA.
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Chitosan solutions were obtained by dissolving 1 wt. %
of CS powder in 1% aqueous acetic acid solution and was
subsequently stirred to promote dissolution.

Fig. 1. SEM images of (a) CS-AgNPs (1 wt. %) obtained by dispersion
NPs in CS solution and (b) CS-AuNPs (0.75 wt. %). TEM images of: (c)
CS-AgNPs obtained by chemical reduction (0.5 wt. %) and CS-clay
(8 wt. %) nanocomposites.

CS/AgNPs nanocomposites were prepared by two
different methods: a) direct mixture of polymer and
AgNP’s powder (with different wt. % respect to CS dry-
base) in a chitosan solution; b) chemical reduction of silver
precursor AgNO; with different mM concentrations in a
chitosan solution which was magnetically stirred at 95 °C,
then allowed to react for an additional 8 hours. According
to SEM and TEM measurements the dimensions of AgNPs
in cases a) and b) were ca. 25 nm and 4-7 nm, respectively
(Fig. 1(a, ©)).

AUNPs were prepared by chemical reduction of HAuCl,
at different concentrations by adding a sodium citrate
solution to a solution that is kept at constant temperature
(96 °C) and stirring. Finally, the CS/AuNPs nanocomposite
was obtained by adding the gold nanoparticles to the
chitosan agueous acidic solution under vigorous stirring.
According to SEM measurements dimension of AuNPs
were in the range 8-14 nm (Fig. 1b).

Chitosan/bentonite  nanocomposites  (with  layer
dimension ca. 32 nm Xx 26 nm according TEM
measurements, (Fig. 1d) with different wt. % were prepared
by adding bentonite to the chitosan solution.

CS nanocomposites films (with thickness ca. 30 mkm)
were obtained by the solvent casting method pouring the
final solution into a plastic Petri dish and allowing the
solvent to evaporate for 24 h at 60°C. Films were gold-
sputtered on both sides to serve as contacts.

Characterizations

Film’s morphology and NPs dimension were analyzed by
JEOM JSM7401F field emission scanning electron
microscope (SEM) and JEOL JEM-1010 transmission
electron microscope (TEM). The weight percent of NPs in
the chitosan film was obtained by energy dispersive
analysis (EDS).

DC conductivity of nanocomposites as function of NPs
concentration have been obtained by impedance
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measurements using Agilent Precision Impedance Analyzer
4249A in the frequency range from 40 Hz to 110 MHz. The
amplitude of the measuring signal was 100 mV. The DC
resistance (Rdc) was obtained from the intersection of the
semicircle and the real-part axis on the impedance plane (at
Z" = 0) as was described in [11, 16]. DC conductivity (c4c)
can be calculated by the following relationship: o4 =d/(Rdc
x A) where d is film thickness and A is the area of film,
respectively (which have been measured for every sample
using Mitutoyo Micrometers).

6
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Fig. 2. Dependence of AgNPs wt. % in the films on the AgNO;
concentration in the solution: (a) direct reduction of AgNO3 precursor in
chitosan solution and (b) using chemical reduction with ascorbic acid and
sodium citrate as reducing and stabilizing agents respectively. Insert
shows dependence of AuNPs wt % on in CS-AuNPs films on the HAuCl,
concentration (EDS analysis).

Results and discussion

As previously mentioned, percolation phenomena is studied
for our polymer nanocomposites as a function of wt %
instead of volume fraction as shown in Fig. 2. Here we
show the dependence of AgNPs wt % obtained in films by
EDS analysis on molar concentration of AgNO3 in solution
from which films have been prepared. Films were prepared
using two different reduction methods: a) reduction of
silver precursor AgNO; at different mM concentration in
chitosan solution and b) using the well-known method of
chemical reduction with ascorbic acid and sodium citrate as
reducing and stabilizing agents, respectively [16]. EDS
analysis shows that the weight percent of metallic silver in
the CS film linearly varies with molar concentration and it
is strongly dependent on the method of preparation. Insert
on Fig. 2 shows dependence of AuNPs wt % on in
chitosan-gold nanoparticles films. In this regard, we
propose a method that allows comparison of
nanocomposites properties obtained by different synthesis
methods; this comparison is crucial for investigating
percolation phenomena and further nanocomposite
applications.

Fig. 3 shows the DC electrical conductivity of different
CS-based nanocomposites obtained from impedance
measurements as a function of the NPs/bentonite wt %.
Fig. 3a corresponds to CS-AgNPs composites obtained by
the two methods mentioned before. Fig. 3b shows DC
conductivity obtained in CS-AuNPs and Fig. 3c shows
CS/bentonite nanocomposites. Neat chitosan exhibits low
ionic conductivity that can be related to the presence of
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small concentration of conductive species (due to water
absorption) in the form of OH™ and H* ions [17]. An abrupt
increase in conductivity by increasing NPs wt % and a
subsequent saturation is typically observed for percolation
phenomena due to increasing of NPs concentration. It is
noteworthy that CS-AgNPs and CS-AuNPs nanocomposites
exhibits relatively low conductivity even in the saturation
region. Such effect has been observed in polymer-AgNPs
composites and it is traceable to the absorption polymer
chains onto AgNPs surface that act as the dielectric barrier
[18]. In other words, there is an interfacial shell between
the nanoparticles, which depends upon the preparation
method; this phenomenon makes complete direct contact
between NPs highly unlikely. Methods based on the
determination of wt % of NPs using EDS analysis help
disregard these interfacial shells allowing comparison of
nanocomposites obtained by different preparation methods.
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Fig. 3. DC electrical conductivity of a) CS-AgNPs films b) CS-AuNPs
films and c) CS- bentonite films as a function of NPs wt. % (last data
from ref. [32]). Inserts show a double log-log plot of the electrical
conductivity versus p-pe.
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It is noteworthy that at low concentration of AgNP and
AuUNPs a decreasing in conductivity was observed. The
decrease of condutivity at low concentraction of
nanoparticles has been explained by the strong interactions
of AgNPs and AuNPs with OH and NH;" groups of CS
film, which in turns decrease the free H" and OH’; these
species are responsible for the conduction in CS [19].

The insets in Fig. 3 show the log-log dependence of the
conductivity of the CS composites on p-p, which according
to equation (1) must exhibit linear dependence. The least-
square fitting analysis according to equation (1) above
percolation results in a percolation threshold of 2.66 +
0.54 wt % for silver nanoparticles in films obtained by
direct dispersion of AgNPs in chitosan solution; 0.85 +
0.31 wt. % for nanocomposite obtained by chemical
reduction of AgNO; precursor in chitosan solution; 1.43 +
0.28 wt. % for CS-AuNPs nanocomposites and 8 =+
2.5 wt % of clay for CS- bentonite films.

The values of the percolation threshold concentration
obtained on different CS-based nanocomposites correlate
well with those of theoretical calculation and experiments
on tin-polypropylene nanocomposites reported previously
[12]. According to ref. [12], the percolation threshold of
metal-polymer  composites decreases rapidly with
decreasing metal particle size. Similar results have been
obtained in our work. CS-bentonite nanocomposite with
dimensions of bentonite layer ca. 32 nm x 26 nm exhibits a
percolation threshold of 8 £ 2.5 wt %. AgNPs (AgNPs and
AUNPs have sphere like shapes) in films obtained by direct
dispersion of powder in chitosan solution are 25 nm with a
percolation threshold of 2.66 + 0.54 wt %. AuNPs in CS
films are 9-14 nm in size and a percolation threshold of
1.43 £ 0.28 wt. %. AgNPs in films obtained by chemical
reduction are 4-7 nm with a percolation threshold of 0.85 £
0.31 wt. %. Dependence of percolation threshold on
dimensions of NPs obtained in this work is shown on
Fig. 4.

CS-carbon
*

104

Percolation threshold, wt. %

Nanoparticles dimentions, nm

Fig. 4. Dependence of percolation threshold on dimensions of NPs.
Squares represents data for CS-AgNPs, CS-AuNPs and CS-clay (this
work); star corresponds to CS-carbon nanoparticles (ref. [20]); triangles
correspond to CS-AuNPs obtained by chemical reduction of HAuCl, in
chitosan solution (ref. [21]). The straight line is a guide to the eye.

Fig. 4 includes data for chitosan-carbon nanoparticles
(star) reported in ref. [20] and CS-AuNPs (triangles)
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obtained by chemical reduction of HAUCI, in chitosan
solution [21]. This dependence shows a strong correlation
between percolation threshold and NPs size.

The obtained relationship  between impedance
measurements and critical percolation concentration of NPs
are of primary importance in the design and optimization of
such nanocomposite for different applications.

Now let’s examine three applications of CS-based
nanocomposites, which were designed considering their
percolation phenomena.

It has been previously reported that CS-AgNPs can be
used as antibacterial biomaterial [22, 23]. In our work the
antibacterial activity of both CS-AgNPs nanocomposites
(obtained by directly dissolving of AgNPs powder and by
chemical reduction) with different concentration of NPs
were tested on Gram-positive and Gram-negative bacteria,
namely Staphylococcus aureus and Escherichia coli
respectively [23].
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Fig. 5. Relative change of CFU (colony-forming-unit) versus AgNPs wt
% for CS-AgNPs nanocomposites with a) Ag powder and b) AgNPs
obtained by chemical reduction after 48 h of culture.

The antibacterial effect of both Ag nanocomposites
films against Staphylococcus aureus and Escherichia coli
incubated after 48 h is shown in Fig. 5. From this figure it
can be observed that the best antibacterial effect for both
nanocomposites occur at a critical concentration dictated by
the percolation threshold concentration (Fig. 2a).
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CS-AgNP films with ca. 2.5 wt. % of Ag powder (Fig. 5a)
and composites obtained by chemical reduction (Fig. 5b)
with ca. 1 wt % showed minimum Colony-Forming-Units
(CFU), i.e. maximum bactericidal effect. These values
correlate well with the percolation thresholds obtained from
electrical measurements (2.66 + 0.54 wt % and 0.85 + 0.31
wt. %). Above this critical concentration the antibacterial
activity  decreases  against  both  Gram-positive
Staphylococcus aureus and Gram-negative Escherichia
coli.

Exact mechanism of antibacterial properties of CS-
AgNPs is still not known; however, ref. [24] proposes that
the dominating factor is the direct contact of bacteria with
nanoparticles. The percolation phenomena help explain the
observed maximum bactericide activity of the CS/AgNP’s
composites, i.e. once the system percolates, a continuous
physical path is formed in which the current can flow; thus
decreasing the effective surface area of nanoparticles.
Additionally, at higher silver concentrations clusters start to
appear which further decrease the surface area of
nanoparticles and effective contact AgNPs with bacteria
[23].

Another example of chitosan-nanoparticles application
that has been proposed in the literature is the use of CS-
AuNPs for detection of heavy metals such as Cu*?, Cd*
and Pb*? [25-27]. Refs. [25, 26] proposed that CS-AuNPs
can be used as sensors for detection of heavy metals based
upon the Surface Plasmon resonance (SPR); ref. [26]
proposes a sensor based upon cyclic voltammetry by
investigating the role of pH of the chitosan solution
precursor and its sensitivity. Ref. [26] assesses the effect of
molar relation between CS and AuNPs on the sensitivity of
a SPR sensor. In our work, potentiometric measurements
are carried out using a graphite-epoxy electrode covered by
CS-AuNPs films with different wt. % of nanoparticles for
detection of Cu?* ions.
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Fig. 6. Detection limit dependence of CS-AuNPs film electrode toward
Cu*? as a function of AuNPs concentration. Insert shows electrode
potentiometric response to Cu®* with 1.55 wt % AuNPs film. a is ion
activity calculated according to ref. [29].

Fig. 6 shows dependence of detection limit of electrode
for Cu* ions on the wt. % of AuNPs films. The detection
limit of electrodes was taken at the point of intersection of
the two asymptotic behaviors of the calibration curve, as
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recommended by IUPAC (see insert on Fig. 4) [28]. As one
can see the best detection limit can be obtained at 1.55 wt
% of AuNPs films, which is close to the percolation
threshold (1.43 + 0.28 wt. %).

The polycationic nature of chitosan enables attachment
of the polymer to the negatively charged gold nanoparticle
surfaces through electrostatic interactions. Using of
chitosan serves dual purpose of providing sufficient steric
hindrance ensuring stability of the gold nanoparticles and
also to functionalize the nanoparticles for use as sensors of
heavy metals [26]. It is noteworthy a general feature of all
three systems studied: the onset of nanoparticle
agglomeration starts at the percolation concentration
producing a decrease on the effective surface area. In the
case of the heavy metal sensor, at higher gold
concentrations clusters start to appear which further
decrease the surface area of nanoparticles with a
subsequent sensitivity decrease to Cu®* ions.

A third example is application of chitosan-clay
nanocomposites for anion detection [30-32]. In this case,
chitosan chains are absorbed on the silicate surface of clay
with a mono or bilayer configuration as a function of
chitosan concentration in the clay suspension. When
chitosan is in excess and in acidic agueous media, the
protonated amino groups of a second chitosan layer
that do not interact with the clay layer remain available as
anion-exchange sites such that the nanocomposite become a
suitable system for the detection of anions. Previous
potentiometric  measurements used graphite—CS-clay
mixtures as the working electrode with chitosan-clay ratios
of 0.25:1, 0.5:1, 1:1, and 2:1 [30]. It was concluded that
the sensor with 5:1 chitosan-clay nanocomposite could be
used as anionic exchanger; however, it is still unknown if
this concentration ratio is optimal for anion detection.
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Fig. 7. Detection limits dependence of CS-bentonite film electrode toward
nitrate ions as a function of membrane clay concentration. Insert shows
potentiometric response to nitrate ions of electrode with a 10 wt %
bentonite film. a is ion activity calculated according to ref. [29].

In this work homemade solid contact electrodes based
upon graphite-epoxy with the CS-bentonite nanocomposite
films have been developed as a function of bentonite wt %.
Potentiometric  measurements  toward anions  were
performed with the aid of a pH-meter by using an Ag/AgCI
reference electrode. The electrode potential was measured
over a wide concentration range of nitrate ions from 9.9 x
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107 M to 4.7 x 10" M [32]. The detection limited of
electrodes was taken at the point of intersection of the two
asymptotic behaviors of the calibration curve, as
recommended by IUPAC (see insert on Fig. 7) [28]. Fig. 7
shows dependence of detection limit of electrode on the
concentration of bentonite in films. As one can see the best
detection limit has been obtained at 10 wt % of the
bentonite in films, which is close to the percolation
threshold (8 £ 2.5 wt %). At the percolation concentration a
physical path between conductivity bentonite inclusions is
formed through in which the current can flow; note that at
higher clay concentration agglomeration takes place as
resolved by SEM measurements. These effects promote: 1)
a decrease in clay intercalation and absorption chitosan
chains in the interlayer space of bentonite by ion-exchange
mechanism and 2) a decrease in membrane sensitivity.

Conclusion

In this work we have developed three nanocomposites of
chitosan-Ag, chitosan-Au and chitosan-clay based upon the
rationale of percolation phenomena. Based upon
conductivity analyses, our method allows proper
comparison of different chitosan-based nanocomposites
even when different preparation methods are used. With the
aid of EDS analysis nanocomposite properties can be
studied as a function of wt % of NPs instead of volume
fraction. For first time we show that in chitosan-based
nanocomposites there is a strong correlation between
percolation threshold and NPs size. This observation
suggests that the method of preparation and the chemical
nature of NPs are not relevant as long as the proposed
correlation is observed.

Impedance spectroscopy analysis helps the detection of
percolation  threshold  values of  chitosan-based
nanocomposites; this percolation threshold represents a
critical concentration in which a physical conductive path
between NPs inclusions forms allowing the flow of current.
Above the percolation concentration, NPs agglomeration
takes place such that the effective surface area of the
nanocomposite diminishes thus producing performance
breakdown. This assertion has been confirmed by
measurements of antibacterial properties of CS-AgNPs
composites, sensitivity of CS-AuNPs composites for Cu*?
detection and sensitivity of CS-clay nanocomposite
membranes for NOs detection. For all these applications
the best functional nanocomposite properties have been
observed at NPs concentration in the vicinity of the
percolation threshold. The obtained relationship between
electrical, structure and concentration of nanoparticles may
prove useful in the design and optimization of polymer-
based nanocomposites for different applications.
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