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ABSTRACT

We have successfully synthesized magnetic chitin (MCH) by incorporating iron oxide nanoparticles into bio-
degradable and abundantly naturally available chitin by the coprecipitation method. X-ray diffraction (XRD) char-
acterization revealed formation of cubic inverse spinel structure of Fe;O, nanoparticles. In addition to this, other
characterization studies like energy dispersive X-ray analysis (EDX) and vibrating sample magnetometry (VSM) were
also performed to have an insight into the compositional and functional nature of the structure. A detailed spectroscopic
study of complex impedance and dielectric constant for a wide frequency range of ~1 Hz to 10 MHz at discrete tem-
peratures ~300—400 K has been performed by us for the first time on MCH in order to understand various relaxation
processes. From permittivity, we have estimated the height of the potential barrier to be ~95.8 £ 0.3 meV. Impedance
measurements yielded an activation energy of ~35.85 meV. Thermogravimetric analysis (TGA) of the sample showed
exceptionally high thermal stability of the sample with percentage of residual mass at 800 °C being ~73% in MCH,
which is quite high in comparison to the pristine chitin. An S shaped curve obtained through VSM measurement con-
firmed the superparamagnetic nature of the nanocomposite. The study assumes significance in the present scenario of
rising awareness about the environment and demand to explore alternative green materials with numerous biomedical/
environmental applications ranging from drug delivery vehicles in COVID-19 treatment to food packaging.
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1. Introduction

The rising awareness about global environmental problems
augmented by rampant usage of petroleum-based polymers has
motivated researchers worldwide to create alternative green ma-
terials" !, Chitin nanostructures™”, due to their nanosized dimen-
sions and distinct properties, are increasingly emerging as a viable
choice for the fabrication of functional bio-nanocomposite mate-
rials for use in a diverse range of applications'® ranging from drug
delivery vehicles” in COVID-19 treatment, wound dressings[g] to
environmentally safe food packaging membranes”. To enhance
the biocompatibility and applications of biopolymers, numerous
attempts have been made, wherein biopolymers have structurally
been altered by the incorporation of metal oxide nanoparticles"”,
which makes them suitable for a variety of applications, including

[11]

magnetically targeted cancer therapy ' and improved targeting
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of biomolecules for relevant biosensing applica-
tions'"?.

Superparamagnetic Fe;O, nanoparticles have
recently been dispersed to enhance the optoelectri-

cal properties of chitosan"’":

a well-known deriv-
ative of chitin, the subject of our study. Complex
impedance spectroscopic studies of dielectric
properties of materials provide significant infor-
mation about the correlation between the electrical
properties and the microstructure, specifically the
grains, grain boundaries and the material-electrode
interface. This information is particularly useful in
optimization of design parameters for applications
in a variety of domains"?.

Understanding the significance of polysaccha-
ride-based materials in electrical applications for
a variety of biological and engineering purposes
requires a detailed assessment of dielectric and con-
ductive properties'>'®. Polymer nanocomposites
are made up of nanofillers, such as carbon-based
nanoparticles, ferrite, metal nanoparticles and pol-
ymers as the matrix phase''”. In our study, we have
chosen the nanoparticles doped biopolymer chitin
because its fabrication is relatively inexpensive
and it has adjustable electrical properties. We were
successful in modifying the properties of chitin'*"”’
significantly, in order to improve its electrical prop-
erties by adding nanosized magnetite particles.
Characterization studies of magnetic chitin (MCH)
were performed using X-ray diffraction (XRD),
energy dispersive X-ray (EDX) analysis, vibrating
sampling magnetisation (VSM) techniques and
thermogravimetric analysis (TGA). To the best of
our knowledge, the complex spectroscopic imped-
ance and dielectric studies for magnetic chitin have
not been reported so far. In the work presented
here, we report the dielectric behaviour and imped-
ance spectroscopic studies of the magnetic chitin
nanocomposite material from 1 Hz to 10 MHz at
certain representative temperatures in order to gain
valuable insight into the underlying mechanisms of
biopolymer nanocomposites.

2. Experimental details

2.1 Material and methods

Analytical grade reagents were used in the
preparation of samples. Iron (III) chloride (FeCl,,
96.0%), Iron (II) chloride (FeCl,, 96.0%), chitin
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(99%) and Ammonia solution (NH;, 25 wt.%), were
purchased from Merck. MCH was prepared by the

coprecipitation method”**".

2.2 Sample characterization

The thermogravimetric scans of the polymer
nanocomposites were performed by using the TGA
HiRes 1000 thermal analyzer besides XRD, VSM
and EDX. The powder samples were heated in an
alumina pan at 10 °C/min from 25 °C to 900 °C
in N, gas at the flow rate of 20 mL/min. Complex
impedance spectroscopy was carried out on the No-
vacontrol Technology Make Dielectric/Impedance
analyzer equipped with an automatic data acquisi-
tion display. The powdered sample was pelletized
(thickness 1 mm; diameter 12 mm) by a hydraulic
press under ~50 MPa, and well-polished using an
emery paper. The pellet was coated by a thin and
uniform layer of silver paste to study the dielectric
and impedance properties in the frequency range of
1 Hz to 10 MHz from 300 K to 400 K under a DC
bias voltage of 1 V.

2.3 Synthesis of MCH

4 mL each of 0.5 M FeCl, and 0.25 M FeCl,
were mixed and agitated for 20 minutes at room
temperature. A yellow colored solution was obtained
on adding CH which changed into a brownish black
precipitate on the addition of NH; solution. This
black precipitate was washed and vacuum dried at
40 °C for a day to finally get a dark brown powder.

3. Results and discussion

3.1 XRD analysis
In conformity with JCPDS CARD 19-0629,

the characteristic peaks of Fe,0, nanoparticles”*”
appear at 35.60°, 43.10°, 57.36° and 62.82° corre-
sponding to (311), (400), (422) and (440) planes
of pure Fe,O, in MCH nanocomposites (Figure 1).
This confirms the successful incorporation of mag-
netite nanoparticles onto pristine CH. Additionally,
the characteristic peak of CH at 206 = 9.10° and
22.94° can also be seen in our sample. Elsayed et
al”" have also reported similar behaviour in their
sample. The size of the Fe,O, nanoparticles quan-
titatively evaluated from the major diffraction peak
of (311) using Debye—Scherrer equation™ was esti-
mated to be 25 nm.
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Figure 1. X-ray diffraction pattern of MCH, showing peaks of

Fe,0, and pristine CH.

3.2 EDX analysis
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Figure 2. EDX spectra of MCH showing % composition of
elements present in MCH.

The EDX spectra of MCH is shown in Figure
2, which clearly shows the successful incorpora-
tion of magnetite in pristine chitin. The percentage
composition of Iron, Carbon, Nitrogen and Oxygen
are found to be 40.58, 34.30, 6.34 and 18.78 wt.%
respectively.

3.3 VSM analysis

From Figure 3, it is seen that magnetization
(M) shows an increasing trend with applied magnet-
ic field (H) and an S shaped hysteresis curve is ob-
tained at 300 K for MCH. The zero coercivity and
permanence in our samples indicate that the sam-
ples are superparamagnetic in nature. Low values of
saturation magnetization were obtained in our sam-
ple. Rathinam ez al.”" have also reported a similar
reduction in the value of saturation magnetization.

3.4 Thermogravimetric analysis
(TGA)

The TGA curve of MCH as shown in Figure 4
revealed a multistep decomposition pattern on heat-
ing to 900 °C in contrast to two steps degradation
seen in pristine CH"””. The evaporation of water
is responsible for a slow and small weight loss of

61

()
(=]
I

‘._._.—.-0-‘-.

[
[=]
L

=
(=]
L

o
L

I
,f

. M (emuig)
S

o
o
L

i —a-a-0—0~

&
S

10 8 6 4 2 0 2
H (kOe)

4 6

Figure 3. S shaped hysteresis curve showing superparamagnetic
nature of MCH.
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Figure 4. TGA curve of MCH showing multi step degradation
at 800 °C.

1000

4.3% from room temperature to 223 °C. At 350 °C,
the maximum degradation occurs (shown in inset)
wherein a weight loss of 12.66% is observed, due to
the decomposition of polysaccharides. Beyond 400
°C, MCH shows a slow and steady weight loss of 3%
until 665 °C. From 665 to 900 °C, the weight loss is
however steeper at 7%. It is important to note that
in pristine CH samples much higher weight loss is
reported”®*”. This clearly shows that MCH is ther-
mally much stabler in comparison to pristine CH
due to addition of magnetic nanoparticles. The per-
centage of residual mass at 800 °C in MCH is about
73%, which is significantly higher in comparison to
pristine CH.

3.5 Complex impedance spectroscopy

The spectroscopic behaviour of complex im-
pedance Z (Z' +jZ") is plotted in Figure 5 and Fig-
ure 6 in the frequency range of ~1 Hz to 10 MHz
respectively at select discrete temperatures ~300—
400 K. The real part (Z') of the complex impedance
represents resistive nature and the imaginary part



(Z'") represents the capacitive nature of the sample.
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Figure 5. Plot of real impedance Z' versus frequency f.

From Figure 5, we see that qualitatively Z'
decreases with increase in frequency indicating
an improvement in electrical conductivity at high
frequencies. It shows a plateau-like region at low
frequencies, followed by a decrease at higher fre-
quencies. The plateau region becomes predominant
with increasing temperature, suggesting a strength-
ened relaxation behaviour. After this plateau re-
gion, Z' decreases with frequency (negative slope).
This behaviour becomes more pronounced as the
temperature increases. The decrease in Z' with
frequency indicates relaxation processes in the sys-
tem. The magnitude of Z’' shows an increase with
temperature, which is characteristic of a metallic
behaviour””. The impedance values of our sample
showed a decrease by more than two orders of mag-
nitude with frequency at temperatures exceeding
340 K which may be attributed to the thermal acti-
vation mechanism.
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Figure 6. Plot of imaginary impedance Z" versus frequency f.

From Figure 6, we see that the Z" value in-
creases initially, reaches a maximum value (£”,,) at
a specific frequency called the electrical relaxation
frequency or characteristic frequency and then de-
creases continuously. As the temperature increases,
a slight shift in the peak position towards smaller
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frequency is also observed, indicating change in
relaxation time (7). The change in position and
broadness of the peaks with temperature indicates
a thermally activated relaxation mechanism in our
sample!'*’"". Utilizing this feature, we calculated the
activation energy Ea in the following manner.

The frequency at which the impedance is max-
imum (Z£",,.
ation time 7,,,(= 1/f,,,) may be obtained. Then using
the Arrhenius law z,,, = 7, exp(Ea/kbT), activation

energy £, may be estimated from the slope of the

) is denoted by fmax from which relax-

In(z,,,) versus 1/T graph®”. Here 1, is a pre-expo-
nential factor, &, is the Boltzmann constant. Figure
) versus 1000/7. Here a mul-

ax.

tiplier of 1000 to 1/7 is used for numerical ease and

7 shows the plot In(z,,

adjusted in final calculation of the activation energy.
From the slope, E, is found to be 35.85 meV in the
temperature range of 320 to 400 K.

1000/T (K™")
1025] 26 27 28 29 30 31 32
L]
-10.301
A§-10.35-
=
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-10.45-
Tppax= 0-4161(1000) - 9.1993 ™,
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Figure 7. Arrhenius plot of /n(z,,,) versus 1000/7 for the
calculation of activation energy E,.

3.5.1 Nyquist plots

Figure 8 shows the Nyquist plots of the MCH
at various temperatures. It is clearly visible that the
plots are resolving towards better semicircular arcs
with rise in temperature. The improvement in sem-
icircular arc may be due to the restructuring of the

32,33 .
3231 as the temperature increases.

grain boundaries
This is also suggestive of increase in the relaxation
time and decrease in conductivity with temperature.

The shape of the Nyquist plot suggests an RC
circuit equivalent with the peak of the semi-circle

fulfilling the relation wz,,, = 1. Here R, the paral-

lel resistance in the RC equivalent circuit, can be
determined from the Z'-span of the Nyquist plot.
Since 7,,,, = 1/RC, an estimate of capacitance C can
be made. In our case, it was found to be in the range

of 107 to 10’ Farad, which is indicative of the
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Figure 8. Nyquist plots of MCH at various temperatures.

involvement of surface layers. However, for a better
understanding of this, it is more appropriate to use the
detailed fitted data on capacitance from the dielectric
measurements. This is done later in Section 3.6.

3.6 Dielectric properties

3.6.1 Complex permittivity

Figure 9 and Figure 10 show the plots of the
real permittivity &’ and the imaginary permittivity
¢'" versus frequency (f) at different temperatures for
our sample. The ¢’ values are quite high (>108 at
300 K) at low frequency—indicative of Maxwell
Wagner type interfacial polarization in accordance

[34,35], and

with Koop’s phenomenological theory
show a decrease with increasing frequency for all
temperatures. This is in agreement with the trends
reported by other researchers in the field”"*>". As
the frequency increases appreciably, ¢" also decreas-
es appreciably due to decrease of the mentioned
polarizations'". It is important to mention here that
the permittivity observed in our sample is much
higher than the permittivity reported in the pristine
chitin sample"**”. It can be seen from Figure 10
that loss peak is not present in the " spectra, which
is the characteristics of the charge carrier in the
system. Further the plot of ¢” versus f on a log-log
scale is a linear curve suggestive of DC conduction

losses!*4!
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Figure 9. Plot of real permittivity ¢’ versus frequency f.

10°
10° 4
1074
_ 10°
.w105 1
10% 4
10° 4
10

10

1 10 100 1k 10k 100k 1M 10M
f (Hz)
Figure 10. Plot of imaginary permittivity ¢” versus frequency f.

It can be seen from Figure 9 and Figure 10
that the rate of decrease of permittivity in the low
frequency range is /™ and tends to slow down to /™"
in the high frequency range. Both ¢’ and ¢" decrease
almost similarly as /" in the low frequency range
(6709 <x<12ande" 095 <x<1.03). So, we
can conclude that both the components of the per-
mittivity decrease linearly as almost /' in the low
frequency range. However, at higher frequencies,



m was found to vary more significantly with tem-
perature in both the cases. This information is used
in determining the height of potential barrier from
¢" data. It is reported that ¢” o< /" where 0.57 < m
<0.90. Let " = bf". Now m = 4k, T/w,*"', where
T is temperature in Kelvin and w,, is the height of
the potential barrier. Thus, by plotting m versus T in
Figure 11, given below, we determined the height
of potential barrier w,, as 95.8 = 0.3 meV.

R? = 0.96466
m=-2.72637+0.00593

-0.3 1
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Figure 11. Plot of slope m versus T for the calculation of the

height of potential barrier w,,.

300 320

Since the permittivity of any material is a meas-
ure of its polarizability, the data on real permittivity
(&") can be used to calculate the capacitance through
the following relation.

g=L
Seo’
where C is the capacitance of the sample, d is thick-
ness, S is the area and ¢, is the permittivity of vac-
uum/free space. Using this relation, we calculated
capacitance C from the spectroscopic data on &’ at
different temperatures. Figure 12 illustrates the plot
of C with frequency f on log-log scale at different
temperatures.

1E-10 4

1E-11

10°  10* 10° 10° 107
f (Hz)

10° 10" 102

Figure 12. Plot of capacitance (C) versus frequency f.

From the above, it may be noted that C de-
creases with frequency. This dispersion relation
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between C and the power law of the form C = af™
(0.392 <x <£0.932) as shown in Table 1.

Table 1. Power exponent x and R values at different
temperatures for the capacitance versus frequency curves.

T (K) x R

300 0.932 0.9948
320 0.938 0.9951
340 0.882 0.9886
360 0.781 0.9809
380 0.498 0.9994
400 0.392 0.9956

It can be seen that from 300 to 320 K, C varies
£ and thereafter it starts deviating from this /' de-
pendence significantly. In other words, the disper-
sion of C decreases as T increases. This stability in
frequency response of C at high temperature may be
exploited in many such applications where disper-
sion needs to be minimal. Further it may be noted
that the magnitude of the capacitance C lies in the
range of 10~ to 10™"" Farad for the frequency range
of 1 Hz to 10 MHz studied by us. The variation in
C with frequency can be broadly divided into three
regions.

Region I: 10“~107" Farad attributable to sam-
ple-electrode interface and chemical reaction in the
low frequency region of the graph.

Region II: 10 '-10" Farad attributable to
surface layers in the mid frequency region of the
graph.

Region III: 10°—107" Farad in the high fre-
quency region due to grain boundaries.

The contribution due to grain boundaries to
the capacitance sets in at early frequencies as the
temperature increases indicating grain restructuring
as the temperature increases.

3.6.2 Dielectric loss

The interfacial polarization, DC conduction
and molecular dipole movement contribute to the
occurrence of dielectric loss of materials'”!. With
increase in temperature, lattice vibrations and inter-
actions between phonons and more mobile charge
carriers increase, resulting in a high value of die-
lectric loss. The decrease in tangent loss. i.e., tan
o0 curve exhibits two loss peaks (Figure 13) which
disappear with increase in temperature. A higher
value of dielectric loss at high temperatures and
low frequencies is observed and may be attributed



to charge accumulation and high resistivity at grain
boundaries””. At temperatures of 360 K and above,
the loss decreases rapidly up to 1 kHz while the rate
of decrease is slow beyond 100 kHz. This behaviour
is in conformity with the reported trends™". It is
pertinent to note that the dielectric loss obtained in
our sample is much esser than that reported by Bad-
ry et al. in Fe,0,/chitosan nanocomposite film*", Tt
is observed that at frequencies higher than 10° Hz,
the value of dielectric loss is minimum at tempera-
tures exceeding 380 K.

—300K

1k 10k 100k 1M
f (Hz)

1 10 100 10M

Figure 13. Dielectric loss tan (d) versus frequency f.

4. Conclusions

In the presented work, we have successfully
synthesized the magnetite-added chitin biopoly-
mer as can be verified by XRD and EDX spectra
reported by us. The synthesized sample exhibited
superparamagnetism with an S shaped hysteresis
loop with low values of saturation magnetization.
MCH exhibited enhanced thermal stability and slow
degradation in comparison to pristine chitin: a fea-
ture useful for many technological applications. The
impedance curves indicate the presence of a single
relaxation process. The activation energy E, calcu-
lated from the impedance data is 35.85 meV in the
temperature range of 320 to 400 K. The semicircu-
lar arcs obtained in Nyquist plots get better resolved
with increase in temperature due to the restructuring
of grain boundaries and are indicative of underlying
RC equivalent circuit. Our sample showed strong
insulating properties with a high dielectric constant
at room temperature. The permittivity of MCH is
reported to be higher than that of pristine CH. Both
the dielectric permittivity and loss showed a marked
reduction at high frequencies. The height of the
potential barrier was determined to be 95.8 = 0.3
meV from the permittivity data. The dispersion of
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estimated C decreases as 7 increases and the magni-
tude of C in different frequency regions are used to
identify the mechanism behind it.
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