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Magnetite powders in nanometer size have been synthesized by the hydrothermal process. Various

magnetic films of chitosan and the synthesized magnetite nanopowders containing different

concentrations of the latter were prepared by ultrasonication route. The X-ray diffraction (XRD)

studies and the transmission electron microscopy (TEM) images showed that the synthesized magnetite

particles had 80 nm dimensions. The band gap of the composites was evaluated using the UV–visible

Spectroscopy. The influence of magnetite content on the magnetic properties of the composite showed

a decrease in the saturation magnetization with the decrease in the magnetic content. The effect of

magnetite content on the dielectric properties of the polymer film at different frequencies from 0.01 to

105 Hz was studied using an electrochemical impedance spectroscopy. The possible mechanism for the

observed electrical properties of the composite films was discussed.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Polymer matrix based nanocomposites has become a prominent
area of current research and development due to their potential
application in biomedicine. Magnetite nanoparticles were incorpo-
rated into polymers such as poly(vinyl alcohol) [1], poly(ethylene
glycol) [2], poly(acrylic acid) [3], DNA [4], protein [5] and poly-
saccharide [6] matrix to improve the biocompatibility or bioactivity
for biomedical application, such as magnetic cell separation, target
drug delivery system and magnetic resonance imaging of clinical
diagnosis [7]. Among the various polymers, the biopolymer chitosan
has an excellent film forming ability, high mechanical strength,
biocompatibility, non-toxicity, high permeability towards water,
susceptibility to chemical modifications, cost-effectiveness, etc.
Many attempts have been made to improve the biocompatibility
and activity of chitosan by structural modification by fabrication of
nanocomposites with metal oxide nanoparticles [8,9]. Due to the
magnetic nature of these iron oxide-magnetite nanocomposites, they
can be used for magnetically targeted cancer therapy [10] or may
even improve the delivery and recovery of biomolecules for desired
biosensing applications [11,12]. In addition, the nanoparticles have a
unique ability to promote fast electron transfer between electrode
and the active site of an enzyme, thus further improving the scope as
a biosensor [13]. Efforts have recently been made to improve the
optical and electrical properties of chitosan for biosensor applications
by dispersing superparamagnetic Fe3O4 nanoparticles [14].

The objective of the present work was to study the influence of
iron oxide nanoparticles on the magnetic and electrical properties of
ll rights reserved.

a Bhat).
iron oxide-chitosan composite films. The nanoparticles were
primarily prepared by hydrothermal synthesis and then dispersed
into the chitosan solution by ultrasonication. The nanoparticles and
films are characterized and their magnetic behavior was studied.
The dielectric responses of the composites are discussed in relation
to material structure and electron transfer between nanoparticles.
2. Experimental studies

All the chemicals such as anhydrous FeCl3 and NH2 �NH2 �HCl
used in the preparation of nanomagnetite particles were of
analytical grade and used without further purification. Deionized
water was used throughout the study.

2.1. Preparation of nano-Fe3O4 particles

Hydrothermal synthesis of iron oxide nanoparticles was carried
out in a high-temperature, high pressure apparatus called
‘autoclaves’ or ‘bombs’ whose internal volume was 20 ml. Hydrazine
hydrate (4 mmol) was added to an acidic solution of iron (III)
chloride (1 mmol). The solution was stirred for an hour and
transferred to the autoclave. The autoclave was then capped and
heated in an oven whose temperature was maintained at 473 K for
3 h. The precipitate obtained was centrifuged, washed with absolute
alcohol and distilled water and dried at 333 K for 6 h.

2.2. Preparation of chitosan-magnetite films

Medium molecular weight chitosan was dissolved in 2% acetic
acid solution (2% m/v). Magnetic particles were dispersed into the
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prepared chitosan-acetic acid solution by ultrasonic irradiation
for 60 min. According to the percentage of magnetic particles
added, the resulting suspensions were termed as PC, CM1, CM2,
CM3 and CM4 for 0%, 10%, 20%, 40% and 50%, respectively. After
sonication, the composite blends were poured into a glass plate
and dried at 333 K for 6 h. The glass plates were cooled and
subsequently immersed in alkali solution to finally get the
chitosan-magnetite films. The films were further soaked in
distilled water for 24 h to remove the residual solvent.

The X-ray powder diffraction analysis was conducted on a
Bruker ASS X-ray diffractometer at a scanning rate of 41 per
minute with 2y ranging from 101 to 901, using Cu Ka radiation
(l=1.5406 Å). The morphological analysis of iron oxide nanopar-
ticles was analyzed using transmission electron microscopy
(JEOL 2000 FX). The UV–visible spectroscopy of the composites
was performed using a GBC-Cintra 101 spectrophotometer in the
Fig. 1. The XRD pattern of the synthesized magnetite nanoparticles and the

composites.

Fig. 2. The TEM image of m
range 200–400 nm. 0.1 M HCl solution was used for the analysis.
The magnetic properties were assessed with a vibration sample
magnetometer (ADE-DMS EV-7 VSM). From the magnetic satura-
tion and coercivity values, the effect of the nanoparticles was
evaluated. Electrochemical measurements were carried out in
GAMRY instruments (Series-G750) at room temperature in the
presence of phosphate buffer saline (100 mM, pH 7.0, 09% NaCl)
containing 50 mM [Fe(CN)6]3�/4� as the electrolyte. Samples were
mounted on the conductivity holder with stainless steel electrodes
of diameter 1 cm under spring pressure.
3. Results and discussion

The XRD patterns of magnetite (PM) and chitosan-magnetite
films (CM1–CM4) are shown in Fig. 1. PM showed diffraction
peaks at 2y=30.11, 35.51, 43.01, 57.11, 62.71, which can be indexed
to (2 2 0), (3 1 1), (4 0 0), (5 1 1) and (4 0 0) planes of magnetite,
respectively. The reflection peaks obtained in this figure are in
good agreement with the standard magnetite file (JCPDS no
82-1533), indicating that the sample has a cubic crystalline
structure. The average crystallite size obtained from the Scherrer
equation was about 80 nm. Also, it was observed that decrease in
the amount of hydrazine from 4 to 2 mmol at lower temperatures,
resulted in the mixture of a-Fe2O3 and Fe3O4 phases. This shows
that synthesis temperature as well as the amount of hydrazine
hydrate has an influence on the phase of the product. A similar
observation was reported by Wang et al. [15]. The formation of
single phase Fe3O4 particles in presence of higher amount of
hydrazine hydrate may be due to the thermal decomposition
of the excess hydrazine hydrate at elevated temperature [16].

3N2H4-4NH3+N2

Nitrogen may protect Fe3O4 from further oxidation by air.
Fig. 2 shows the TEM micrograph of iron oxide particles. The TEM

analysis of the products provided information on the size and
morphology of the nanoparticles. It can be seen from Fig. 2 that the
magnetite particles had a hexagonal shape with weak agglomeration.
agnetite nanoparticles.
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Fig. 3 shows the absorption spectra of chitosan-magnetite
composites. The spectrum of pure chitosan (PC) shows the
fundamental absorption edge at 244.48 nm whereas in CM1,
CM2, CM3 and CM4 composites the values are found at 276.21,
284.27, 287.97 and 290.46 nm respectively. The band gap values
are calculated using the formula Ea=1.24/lmax, where lmax is the
fundamental absorption edge and is presented in Table 1 [17]. The
observed red shift may arise from the structural changes and
difference in particle sizes [18].

The magnetic properties of the synthesized nanoparticles
and films were evaluated using a VSM. The measurements were
carried out at room temperature (Fig. 4). The magnetization
curve of pure magnetite nanoparticles showed a small hysteresis
loop. The saturation magnetization at room temperature was
17.852 emu/g, which is much smaller than that of bulk Fe3O4

[19,20]. The magnetic properties of chitosan-magnetite films
depend on Fe3O4 content as shown in Table 1. Increase in Fe3O4

content from 0% to 50% considerably increases the saturation
magnetization to 10.31 emu/g. Further, there have been several
reports on the decrease in Ms values of composites as iron oxide
nanoparticles are embedded into a non-magnetic polymer matrix
[21–23]. It is thus obvious that the Ms values of the composites
are lower than that of the pure magnetite nanoparticles.

Electrochemical impedance spectroscopy measures impedance of
electrode surface as a function of frequency due to variation in
interfacial properties of the interface of the electrode electrolyte. The
modification of electrode surface results in change in the value of
surface electron transfer resistance (RCT). Table 1 lists the RCT values
of the samples obtained by fitting the impedance plot with a Randles
circuit, wherein the capacitance was treated as a constant phase
element (CPE) to average out effects, due to inhomogeneties. Fig. 5
shows the Nyquist diagrams of the films in phosphate buffer solution
Fig. 3. The UV–visible spectra showing the absorption edge of the samples (a) PC,

(b) CM1, (c) CM2, (d) CM3, and (e) CM4.

Table 1
Bandgap, Ms, RCT and sRT values for pure and composite samples.

Sample Band gap (eV) Ms (e mug�1) RCT (K ohms) sRT (S cm�1)

PC 5.07 – 234.10�104 3.40�10�13

CM1 4.49 6.00 299.80 2.97�10�9

CM2 4.36 7.59 176.30 5.78�10�9

CM3 4.31 8.63 83.46 1.14�10�8

CM4 4.27 10.31 8.23 1.24�10�7

PM – 17.85 – –

Fig. 4. (a) Room temperature magnetization curves for (a) CM1, (b) CM2, (c) CM3,

(d) CM4, and (e) PM and (b) enlarged view.

Fig. 5. Nyquist plot for the samples (a) PC, (b) CM1, (c) CM2, (d) CM3, and (e) CM4.
in the frequency range from 0.01 to 105 Hz at room temperature. It is
observed that RCT obtained for chitosan decreases as the magnetite
content increases. This suggests that for chitosan films embedded
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Fig. 6. a. Dielectric constant as function of frequency for the samples (a) PC, (b)

CM1, (c) CM2, (d) CM3, and (e) CM4. and (b) dielectric loss as a function of

frequency for the samples (a) PC, (b) CM1, (c) CM2, (d) CM3, and (e) CM4.
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with magnetite, electron transfer is easier between solution and the
electrode due to the permeable structure of the chitosan polymer
[13]. As expected, the conductivity of the samples increased with
increase in the magnetite content in the polymer film (Table 1). The
bulk ionic conductivities (s) were determined from the complex
impedance spectra using the equation, s=L/RA where L, A and R are
respectively, the thickness, area and bulk resistance of the samples.
The bulk resistance was calculated from the high frequency intercept
on the real impedance axis of the Nyquist plot [24].

Complex impedance data, Z*, can be represented by its real, ZR

and imaginary, ZI parts by the relation

Z� ¼ ZRþ jZI ð1Þ

The equations for the dielectric constant, eR and the dielectric
loss, eI can be shown as

eR ¼
ZI

oCoðZ2
RþZ2

I Þ
ð2Þ

eI ¼
ZR

oCoðZ2
RþZ2

I Þ
ð3Þ

Here Co=eoA/t and eo is the permittivity of free space, A is the
electrolyte–electrode contact area and t is the thickness of the
sample and o=2pf, f being the frequency in Hz.
Figs. 6(a) and (b) shows respectively the dielectric constant (e0)
and the dielectric loss (e00) of the films with varying frequencies.
Dielectric constant describes the stored energy while the
dielectric loss describes the dissipated energy. It is clear from
the figure that both e0 and e00 decreased with increase in frequency
for all the samples. However, the decrease in e0 is more rapid than
in e00. In the high frequency range (above 103 Hz) the values of e0
become closer to the values of e00. Also, no appreciable relaxation
peaks are observed in the frequency range employed in the study.

The decrease in dielectric constant with increase in frequency is
due to the fact that the polarization decreases and then reaches a
constant value beyond a certain frequency limit (higher frequen-
cies). The variation in dielectric constant with frequency clearly
reveals that the dispersion exhibited by the samples is due to the
Maxwell–Wagner type of interfacial polarization and in agreement
with Koop’s phenomenological theory [25–27]. This behavior can be
explained by assuming the mechanism of dielectric polarization,
which is similar to that of conduction mechanism [28].

The Fe2 +3Fe3 + electron exchange results in the local
displacement of charges in the direction of an applied electric
field, which is responsible for polarization in ferrites [26]. The
polarization decreases with increase in frequency of the exter-
nally applied electric field and the electronic exchange between
Fe2 + and Fe3 + is independent of variations in applied field,
thereby resulting in decrease in dielectric constant. The magni-
tude of exchange depends on the concentration of Fe3 +/Fe2 + ion
pairs present at the B-site.
4. Conclusions

In summary, crystalline magnetite nanoparticles were pre-
pared and embedded in the chitosan polymer. The optical band
gap values of the composites showed a red shift, which confirmed
the dispersion of the magnetic filler in the polymer matrix. The
saturated magnetization of the composite films could reach a
value of 10.31 emu/g with 50% doping of magnetite. The
impedance spectroscopy results show that the presence of
nanoparticles eases the electron transfer between the solution
and the electrode and the RCT value goes as low as 8.23 ohms. The
nanocomposites may apply to the magnetic field assisted drug
delivery systems, cell/enzyme immobilization, biosensors and
many other industrial processes.
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