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Novel multicomponent functionalized biopolymers
with enhanced thermal and dielectric properties
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Abstract: A new functionalized biopolymer was obtained by modifying chitin using ethylenediamine-
tetraacetic acid and magnetite nanoparticles (Fe,O,). Thermogravimetric analysis was performed, and
dielectric properties were examined. The obtained biopolymer showed better thermal stability, as evi-
denced by a higher onset temperature. The activation energy calculated using imaginary impedance
data and Nyquist plots was found to be consistent. Moreover, the dielectric permittivity decreased rap-
idly with increasing frequency. At high frequencies, there was no dependence of dielectric loss on tem-
perature and frequency. The obtained biopolymer can be used in many applications such as microwave
devices, deflection yoke, high-frequency capacitors, sensors, etc.

Keywords: biopolymers, chitin, nanoparticles, magnetite, dielectric properties.

Nowe wieloskladnikowe funkcjonalizowane biopolimery o poprawionych
wlasciwosciach termicznych i dielektrycznych

Streszczenie: Otrzymano nowy funkcjonalizowany biopolimer poprzez modyfikacje chityny przy
uzyciu kwasu etylenodiaminotetraoctowego i nanoczastek magnetytu (Fe,O,). Przeprowadzono analize
termograwimetryczna i zbadano wtasciwosci dielektryczne. Otrzymany biopolimer wykazywat lepsza
stabilnos¢ termiczng, o czym $wiadczyta wyzsza temperatura poczatku rozktadu. Wykazano zgodnos¢
energii aktywacji obliczonej z wykorzystaniem danych dotyczacych urojonej impedancji oraz na pod-
stawie wykreséw Nyquista. Przenikalnos¢ dielektryczna zmniejszata si¢ gwattownie wraz ze wzrostem
czestotliwos$ci. Przy wysokich czestotliwosciach nie stwierdzono zaleznosci stratnosci dielektrycznej
od temperatury i czestotliwosci. Otrzymany biopolimer mozna wykorzysta¢ w wielu zastosowaniach,
takich jak urzadzenia mikrofalowe, jarzmo odchylajace, kondensatory wysokiej czestotliwosci, czujniki
itp.

Stowa kluczowe: biopolimery, chityna, nanoczastki, magnetyt, wiasciwosci dielektryczne.

Nanocomposites made of biodegradable polymers are
environmentally friendly, and the method of their pro-
duction is also harmless to the environment. Recently,
there is a surge in interest regarding the dielectric attri-
butes of biopolymer composites, attributed to their poten-
tial use as dielectric substances in diverse electronic
devices, including microchips, transformers, and cir-
cuitry. Electrically active biopolymer composites with

conductive properties are under scrutiny for a range of
applications, encompassing biomedical, biological, flex-
ible electrode creation, display technologies, biosensors,
and cell structures for tissue regeneration. This moti-
vated us to undertake the present work, wherein syn-
thesis of a novel functionalized biopolymer material was
conducted by adding ethylenediaminetetraacetic acid to
chitin and then doping the organic composite with nano-
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sized magnetite (Fe,O,) particles (MEDTA/CH). A com-
prehensive study of thermogravimetric measurements,
impedance data and dielectric measurements were con-
ducted for exploring the possibility of utilizing the syn-
thesized material for diverse applications. The sample
displayed improved thermal stability and delayed onset
decomposition temperature. The activation energy calcu-
lated by dual approach using imaginary impedance data
and Nyquist plots showed excellent agreement with each
other. The dielectric permittivity showed a rapid decrease
with increase in frequency. The dielectric loss showed
a temperature and frequency independence at high fre-
quencies indicating the suitability of MEDTA/CH as
a promising material for numerous high-frequency appli-
cations, such as microwave devices, deflection yoke, high
frequency capacitors, sensors etc.

Renewable materials called biopolymers are pro-
duced by living organisms or are their derivatives. All
proteins, polysaccharides, and nucleic acids are catego-
rized as forms of biopolymers under this classification,
which is broad and encompasses a range of distinct
material classes. Because of their cheap cost, non-tox-
icity and capacity for natural degradation, biopolymers
are of major interest to the scientific as well as indus-
trial communities for use in electronic applications
[1, 2]. Biopolymers are being used in a variety of appli-
cations, including energy storage [3], thin film transis-
tors [4], electroluminescence [5, 6], tissue engineering
[7-9], biosensing wound-healing, and drug delivery [10].
Numerous attempts have been made to improve the bio-
compatibility and applications of biopolymers by adding
metal oxide nanoparticles [11] as this significantly alters
the stability and properties of the pristine materials, yet
only limited number of works have been reported on
chitin [12,13]. Thus, chitin (poly-(1-4)-p-N-acetyl glucos-
amine, CH) have been chosen [14-17] as the base mate-
rial for the fabrication of an ideal dielectric material, due
to its biocompatibility, biodegradability, non-toxicity,
ability to be functionalized and abundance in nature.
It has the molecular formula [C;H,,O,] and structurally
contains a long polymeric chain of N-acetylglucosamine.
It is obtained as an amide derivative of glucose and is
regarded as a complex carbohydrate. Its structure resem-
bles that of cellulose, but each monomer has an addi-
tional acetyl amine group in lieu of one of its hydroxyl
groups. The basic synthetic route comprises of estab-
lishing covalent linkages between 3-(1 — 4) moieties of
N-acetyl-D-glucosamine.

Several attempts have been reported in literature
whereby the dielectric and magnetic properties of bio-
polymers/polysaccharides are tuned through the incor-
poration of several other agents [18-20]. Ethylene-
diamine-tetraacetic acid (EDTA), amino polycarboxylic
acid, is one such agent which can be used for modifi-
cation of the properties of the base material. EDTA has
a chemical formula [CH,N(CH,CO,H),],and is composed
of two groups of Lewis bases: four carboxyl groups and

two amino groups. It is an odorless, colorless, or white,
crystalline (sand-like) powder. It can coordinate with sev-
eral metal ions resulting in complex formation that che-
lates or locks up the metal ions, preventing them from
exhibiting ionic characteristics. EDTA is used in various
medical applications, laboratory analysis, food and bev-
erage industry, water treatment etc. [21-23].

To comprehend the significance and application of
the fabricated biopolymer-based material, in a wide
range of biological as well as engineering functions [24],
a thorough analysis of the dielectric and conductive pro-
perties is essential. Dielectric impedance spectroscopy
offers a versatile measurement system for investigating
the electrical properties of materials and systems across
various significant parameters enabling researchers to
gain a deeper understanding of complex underlying
properties in a material and optimize applications.
The aim of the present study is to design a multifunc-
tional composite biopolymer-based material to meet
the needs of high adsorption, nontoxicity, environmen-
tal friendliness, and cost-effectiveness with enhanced
electrical properties. For this purpose, the physical and
chemical characteristics of chitin were tailored [25]
by doping with EDTA and then decorating them with
magnetite (Fe,O,) particles to obtain ferrite doped nano-
blend of EDTA and chitin (MEDTA/CH) respectively.
The purpose of inducing magnetic properties through
Fe,O, particles to the material was to enhance its elec-
trical properties and thermal stability. Such biomateri-
als have considerable research scope due to their wide
applications in the field of electro-optic devices, ferro-
fluid-based rocket fuel, microwave devices, and in high-
density information storage, drug delivery systems,
super-capacitors etc.

To the best of our knowledge, no comprehensive stud-
ies on the MEDTA/CH biopolymer have been reported
yet. Therefore, this work presents research on the modi-
fication of chitin using ethylenediaminetetraacetic acid
and magnetite nanoparticles (Fe,O,) and thermal and
dielectric properties of the obtained biopolymer. The
structure and thermal properties were determined using
X-ray diffraction (XRD) and thermogravimetric analy-
sis (TGA) respectively. Moreover, real, and imaginary
impedance and dielectric permittivity were measured.

EXPERIMENTAL PART
Materials

Analytical quality hydrochloric acid (35%), sodium
hydroxide (97%), chitin (99%), methanol, acetic acid (35%)
and ethylenediaminetetraacetic acid (EDTA) were pro-
vided by Merck. Ferrous chloride (FeCl,) and ferric chlo-
ride (FeCl,) were obtained from Sigma Aldrich. Double
distilled water was used to produce all the standard solu-
tions. 0.5 M HCL and 0.5 M NaOH solutions were used to
adjust the pH of the solutions.
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Fig. 1. Chemical structure: a) chitin and b) EDTA
Synthesis of EDTA/chitin (EDTA/CH)

EDTA dihydrate dissolved in methanol in a 1:1 ratio
was added to a solution of chitin in an aqueous acetic acid
solution (10%) and stirred at room temperature for about
24 hours. The resulting precipitate was combined with
ethanol and subjected to additional stirring for a further
12 hours and then filtered. The obtained precipitate was
then mixed with 0.1 M NaOH solution to reach a pH level
of 11. The EDTA/CH was then filtered and washed thor-
oughly with water until the supernatant solution became
neutral. The precipitate was then dried in a vacuum oven
at 40°C for 24 hours to give a white solid. The chemical
structure of CH and EDTA are shown in Fig. 1.
Synthesis of MEDTA/CH

Fe,O,, FeCl2 and FeCl3 solutions were added to the
EDTA/CH precipitate described above and stirred for
1 h. The solution was filtered, and the resulting pre-
cipitate was mixed with ethanol and stirred for another
12 h. Then, 0.1 M NaOH solution was added to obtain
a pH value of 11. The product (MEDTA/CH) was filtered,
washed repeatedly with distilled water to obtain a neu-

tral pH supernatant, and then dried in a vacuum oven at
40°C for 24 hours.

Methods

A Bruker D8 Discover (X Ray Source Cu, Billerica,
Massachusetts, USA) was used to acquire X-ray powder
diffraction spectra. The TGA HiRes 1000 thermal ana-
lyzer (Linseis, Selb, Germany) was used to evaluate ther-
mal stability of MEDTA/CH. A nitrogen environment
was maintained by a flow rate of 20 ml/min, while the
powder samples were heated in an alumina pan at a con-
stant rate of 10°C min™ from 25°C to 900°C.

Using a hydraulic press with a pressure of 50 MPa, the
powdered sample was pressed into disc-shaped gran-
ules with a diameter of 12 mm and a thickness of 1 mm.
A thin layer of silver paste was then coated on both round

surfaces of the pellet and allowed to dry for subsequent
measurements. The real and imaginary impedance and
permittivity components of this compound are tested in
the ranges of 1 Hz and 10 MHz, 300 K and 400 K, and bias
voltages of 1 V DC using a dielectric/impedance analyzer
(Novacontrol Technology, Montabaur, Germany) with an
automatic data capture display.

RESULTS AND DISCUSSION
XRD analysis

The XRD patterns of the samples are presented
in Fig. 2, wherein the diffraction peaks of pure CH at
20 =9.3° and 26 = 19.4° and those of EDTA at 260 = 29.2°,
37.7°, 53.3° and 57.6° are clearly visible in the XRD pat-
terns for both EDTA/CH and MEDTA/CH, thus confirm-
ing the successful synthesis of the required nanocompos-
ite. Additionally, the characteristic diffraction peaks of
Fe,O, are appearing in the MEDTA/CH diffraction pat-
tern at angles 30.1° 35.4°, 43.1°, 53.4° 56.9° and 62.5°. The

MEDTA/CH
—EDTA/CH
EDTA

! —CH

)
= 311
422

400
511

(=
' L g
ufd 1R " I

—-\zJ\_,\\,‘V’\-V‘V’\.‘\'iJ L!,"S‘A-‘.,“L}r",‘ i\( ‘\(;‘ﬂn] Wy g Nw\j\f"ﬂ

\ -f\.““vw'-/\._.v\.,w—u/\vk«.\’pM/\/K

i

|
|
w”"\ﬁ/vw»rf\wm ,wJ b ',«\M,\/ M A NG b oo e

Inensity, a.u.

|
I

-
o .;\J""Ja,'\, N
e /\___/,*\/\““-“H\j;w/*’\xﬁ, RV VNN~ N W a s cne

v

10 20 30 40 50 60 70 80 90
Angle (20), ©

Fig. 2. XRD spectra of CH, EDTA, EDTA/CH and MEDTA/CH
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Tablel. TGA data of EDTA/CH and MEDTA/CH

Sample T,,, K T,., K T,., K Ty K
EDTA/CH 403.5-412.2 490.2 - 4929 527.3 - 530.0 618.7 — 621.5
MEDTA/CH 499.6 - 502.1 506.6 — 507.3 514.6 — 514.7 571.4 -576.3

peaks for Fe,O, could be assigned, respectively, to [220],
[311], [400], [422], [511], and [440] crystal planes (JCPDS
Card No. 19-0629) [26]. It may be noted that due to weak
signal/noise ratio of higher order peaks of Fe,O, in this
nanocomposite blended structure, these peaks could not
be used in calculating the size of the particles. The size of
the Fe,O, particles was estimated to be ~37 nm based on
the most prominent diffraction peak having Miller indi-
ces [220] shown in Fig. 2, through the Debye—Scherrer for-
mula [27], thus confirming the successful incorporation
of Fe,O, nanoparticles onto EDTA/CH complex.

TGA analysis

EDTA/CH and MEDTA/CH exhibited a multistep deg-
radation pattern as is evident from the TGA scans in
Fig.3. The weight loss pattern reveals that the first and
second weight degradation of 7.4%, 24.9% and 24.4%
occurs at an onset temperature of 365.6 K, 477.5 K and
575.4 K respectively in the EDTA/CH sample. In contrast,
pure CH is reported [28, 29] to exhibit two step degrada-
tion patterns characterized by higher weight loss. The
initial weight loss is a consequence of the evaporation
of the adsorbed moisture content in the sample. On the
other hand, the first decomposition in the MEDTA/CH
occurs at an enhanced temperature of 494.6 K wherein
a loss in weight about 38.7% is seen up to 539 K. This
enhancement agrees with the reported work by Hooda
et al. [30]. A further weight loss of 16.5% is observed at an
onset decomposition temperature of 563 K. Comparative
TGA analysis shows that decomposition of MEDTA/CH
begins at higher temperature which indicates increased

04 — EDTA/CH
— MEDTA/CH
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Fig. 3. TGA curves of EDTA/CH and MEDTA/CH

1100

thermal stability. The respective temperature ranges at
which weight loss of 5%, 10%, 25% and 50% occur for both
the samples are summarized in Table 1.

Impedance studies
Real impedance (Z’)

The log-log plot of real impedance, Z’ as a function of
frequency is shown in Fig. 4, wherein it can be seen that Z’
is almost flat at low frequencies and then starts decreasing
rapidly with frequency. The width of this plateau region
increases as the temperature increased. It is also observed
that Z’ decreases as the temperature increased barring
400K, where it shows an increase in comparison to its
value at 390 K. Since Z’ represents the resistive nature of
the sample, its negative temperature coefficient confirms
the semiconducting nature of the sample. Thus EDTA/CH,
a functionalized biopolymer composite, becomes a semi-
conductor after its decoration with Fe,O,.

Imaginary impedance (Z”)

Fig. 5 shows the log-log plot of imaginary impedance,
Z” versus frequency. Itis observed that Z” increases with
frequency and reaches its peak value and then decreases
with further rise in frequency. The peaks in Z” are
obtained at all temperatures and these are observed to
be shifting towards higher frequency [31] with increase
in temperature.

The shift in peaks indicates involvement of a thermal
process, the activation energy for which can be calculated

1071

107

10° 10 10* 10° 10 10°
Frequency, Hz

Fig. 4. Plots of Z’ versus frequency for MEDTA/CH
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Fig. 5. Plots of Z” versus frequency for MEDTA/CH

in the following manner. Let f _be the peak position in
terms of frequency at which Z” reaches its peak Z”__,
then reciprocal of f, will yield T (=1/f ). We plotted
In(t, )against1/T and a straight line was obtained which
is shown in Fig. 6. The linearity of the semi-log plot or the
Arrhenius plot confirms that time constant T, obeys the
following relation t, = 7, exp(E /k,T) where T, denotes
a pre-exponential factor and k, the Boltzmann constant.
Thus, the slope of the straight line can be substituted in
the mentioned relation to calculate the activation energy,
which was found to be 0.66 eV and is significantly high in
comparison to magnetic chitin alone [32]. The increase in
activation energy, when EDTA is introduced in compari-
son to magnetic chitin alone, suggests that EDTA plays
a crucial role in modifying the material’s properties due
to its tendency to form strong covalent linkages [33, 34],
which may contribute to the overall stability and robust-
ness of the synthesized material. A higher activation

a)
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Fig. 6. Arrhenius plots showing In(t

from Nyquist plots for MEDTA/CH
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energy indicates that more energy is required to initiate
areaction or a process implying increased stability, a pre-
ferred trait in many applications [35]. Further, the role of
covalent linkages in increasing activation energy under-
scores the significance of molecular interactions in deter-
mining material properties, thereby opening possibilities
for further tuning and optimization by modifying these
interactions, either by introducing new components or
by altering synthesis conditions. Activation energy also
plays a key role in the ionic conduction mechanism [36].

Nyquist plots

Fig. 7 depicts the Nyquist plots, which are the graphi-
cal representations of the impedance data in a complex
plane. The Nyquist plots, starting from the rightmost
point on the real axis and moving counterclockwise as
the frequency increases, are often used to elucidate the
electrical properties of materials, providing insight into
the possible activation mechanism involved pertaining
to the process by which charge carriers (like electrons or
ions) in a material overcome certain energy barriers to
conduct or move through the material. This movement
is crucial for understanding the electrical and dielectric
properties of the material involved. The activation energy
(E) is a key parameter representing the energy required
for charge carriers to overcome potential barriers within
the material due to the inherent structure of the material
and thereby contribute to the electrical conduction pro-
cess at any temperature [37]. In the context of the hetero-
geneous composite MEDTA/CH, grain boundaries and
interfaces play a significant role. Charge accumulation
at these boundaries and resulting electric field can thus
influence the effective activation energy significantly.

The semicircular shape of the Nyquist plot suggests
that the system can be modeled in simplest way by an
equivalent resistor-capacitor (RC) circuit, where the peak

b)

max)

In(t,
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T T T
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) against 1/T for calculating the activation energy using: a) -Z” relaxation peaks, b) R, span
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T able2. Estimated parameters of the circuit representation of the Nyquist plots

T, K S HZ T, S R, Q R, MQ CF

300 10.20 1.56-102 -16.51 1053.84 6.08-10°
310 1999 796107 -19.63 537.82 2.34-107
320 39.20 4.06-10° -4.89 283.20 8.70-107
330 54.88 290-10° -0.28 190.43 1.81-10°
340 107.56 1.48-10° 3.06 111.55 6.06-10°
350 150.58 1.06-10° 2.39 78.24 1.21-10°
360 295.14 5.39-10" 4.23 45.28 4.09-10°
370 578.48 2.75-10* 0.15 27.00 1.35-10*
380 1133.82 1.40-10* 3.07 15.01 47510
390 16732.8 9.51-10 18.90 1.01 1.04-10"
400 3111.19 512-10° 21.50 4.30 4.54-10°

corresponds to the maximum absolute value of the imag-
inary impedance, and a common relation in dielectric
spectroscopy wrt__ =1 is fulfilled, which can be used to
determine T, . The parallel resistance, R , in the equiva-
lent RC circuit can be deduced from the diameter of the
semi-circle in the Nyquist plot. Now using the relation
Tpax = YR G, the capacitance (C) in the equivalent RC cir-
cuit can be calculated [38,39]. From this t__, as deter-
mined from the Nyquist plot, we estimated the activation
energy (E)) again using the formula t, = 7 exp(E /k,T)
and it was found to be 0.67 eV. The close match between
the two calculations of E, validates the methodology
and the estimation of R from the radii of the semicir-
cles in the Nyquist plots in view of the non-availability
of the low frequency intercept, which may be attrib-
uted to grain boundaries/interfaces. In a heterogeneous
composite like MEDTA/CH, the charge accumulation at
the grain boundaries or interfaces may cause non ideal
behavior. The accumulated charge at the grain boundary

1-10°
— 300K
— 310K
———320K
—330 K
340K

- -350 K
360 K
— 370K
— 380 K
—— 390 K
400 K

8-10%

6-10%1

77.Q

6-10% 8-10° 1-10°

Z,Q

4-10°

0 2108

Fig.7. Nyquist plots showing real and imaginary components of
impedance at different temperatures for MEDTA/CH

may cause an electric field, which may lead to weaken-
ing polarization effect in the grain interior [40]. In such
a scenario, grain boundaries and interfaces can mask the
true intrinsic properties of the bulk material. Table 2 lists
various parameters deduced from the Nyquist plots as
shown in Fig. 7.

It may be seen from the table that the real part of the
impedance, Z’' which is represented by the series resis-
tance (R), is negative initially, suggesting inductive effects
at low temperatures and becomes positive as the temper-
ature increases. It may further be noted that as the tem-
perature increases the capacitance increases. Thus, the
system seems to transit from a predominantly inductive
to a capacitive behavior, as the temperature rises. It may
also be seen that the estimated capacitance values range
widely from 10® to 10 F, which may be related to various
phenomena involving surface layers (10 < C <107) from
300-320 K, surface-electrode interface (107 < C <10°°) from
330-360 K and electrochemical reactions (C = 10*) from
370-400K [32].

Further, it can be seen from Fig.7 that the diameter
of the semicircular arcs i.e,, R decreases with increase
in temperature. The decline of resistances with rising
temperature is suggestive of semiconducting behaviors
characterized by a negative temperature coefficient of
resistance [41,42]. The observed electrical process in the
material appears to involve a singular relaxation process,
as evidenced by the presence of a single semicircle in the
impedance pattern at each temperature. With increase
in temperature, the center of the semicircular arc is also
found shifting towards the origin indicating decrease in
R_with increase in temperature [43].

Dielectric studies
Real and imaginary permittivity
The real part of the dielectric constant (¢”) with respect

to frequency on a logarithmic x-axis at different tempera-
tures ranging from 300-400 K is shown in Fig. 8. The ¢’
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Fig. 8. Plots of real permittivity (¢’) versus frequency for
MEDTA/CH

starts at a higher value at low frequencies and decreases
as the frequency increases for all temperatures. At low
frequencies, dipoles in the material have sufficient time
to align themselves with the alternating electric field,
leading to higher polarization and consequently a higher
value of ¢’ is obtained. Further it may be observed from
the figure that as the temperature increases, the curves
shift upwards, especially noticeable at lower frequen-
cies. This suggests that the material’s polarization capa-
bilities improve with rising temperature, possibly due to
increased mobility or number of dipoles that can respond
to the electric field [44]. The noticeable spike in ¢” within
the range of 380-400 K might be attributed to the onset
of thermally induced electrochemical reactions in the
material. This notion aligns with the capacitance values,
C 2 10* F, derived from earlier discussed Nyquist plots
and listed in Table 2. The increased ¢ at elevated temper-
atures positions MEDTA/CH as a potential biopolymer
candidate for energy storage applications.

The variation of imaginary permittivity (¢”) with fre-
quency shown in Fig. 9 is qualitatively like that of €/,
though the magnitude of €” is significantly higher than
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Fig. 9. Plots of imaginary permittivity (¢”) versus frequency for
MEDTA/CH

that of ¢ with frequency as shown in Fig. 8. The values
of ¢ and ¢” at certain representative frequencies in the
temperature range 300-400 K are listed in Table 3. It can
be seen from Table 3 that although qualitative response
of both the components ¢ and ¢” is almost similar, quan-
titatively, there is a slight variation between the two. At
elevated frequencies (>10 kHz), though there’s negligible
change in €’ with varying temperatures, Table 3 indicates
a modest but consistent rise in &” across all frequencies,
particularly up to 1 MHz. This suggests that the indiffer-
ence of €” to temperature begins at frequencies approxi-
mately 1IMHz and beyond, whereas for the real permit-
tivity, this onset occurs at around 10 kHz.

Dielectric loss

Dielectric loss (tan ) is defined to be the ratio of the
imaginary permittivity (¢’) to real permittivity (¢’).
A high value of tan o indicates that the material is not
very efficient at storing electrical energy and will dis-
sipate more of it as heat. In contrast, a low value indi-
cates that the material is more efficient and will have less

Table3. Values of ¢’ and ¢” at different temperatures and frequencies

Frequency Real permittivity (¢") Imaginary permittivity (¢”)
Hz 300K | 320K | 340K | 360K | 380K | 400K | 300K | 320K | 340K | 360K | 380K 400K
107 9.51 9.50 9.55 9.55 9.53 9.51 -0.07 | -0.023 | 0.014 0.020 0.014 0.10
10° 9.55 9.40 9.47 9.48 9.46 9.55 0.031 0.041 0.054 0.064 0.065 0.29
10° 10.1 9.47 9.57 9.61 9.58 10.1 0.070 0.11 017 0.24 0.27 1.31
10* 11.80 9.69 9.89 10.1 9.98 11.8 0.20 0.40 0.65 1.03 1.48 6.34
10° 15.2 10.5 111 11.8 111 15.2 0.81 178 3.12 5.50 11.6 44.6
102 24.3 13.5 15.5 16.6 14.5 24.3 3.76 9.46 189 401 111.0 397
10! 78.1 239 27.8 31.0 28.8 78.0 22.3 65.9 156 373 1130 3510
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Fig.10. Dielectric loss tan (d) versus frequency for MEDTA/CH

energy dissipation. In practical applications, especially
at high frequencies, it is essential to choose materials
with low dielectric losses to prevent excessive heating
and reduce energy waste. The behaviour of the dielectric
loss in our biopolymers (MEDTA/CH) with respect to fre-
quency and temperature is shown in Fig.10, which can be
analyzed as follows.

Frequency dependence

The dielectric loss decreasing with an increase in fre-
quency up to about 10 kHz, suggests that the material’s
tendency to dissipate energy as heat diminishes as the
frequency goes up. This may be attributed to the inabil-
ity of the polarization mechanisms to respond quickly
enough to the changing electric field at higher frequen-
cies [45]. This may be correlated with the decrease in
real permittivity ¢ indicating increase in energy stor-
age capacity of the material as the frequency goes up till
aboutl0 kHz. Dielectric loss, tan d, becomes almost inde-
pendent of frequency beyond about 10 kHz. This may
again be due to complete inability of the dipoles to orient
with the alternating electric field at too fast a rate.

Temperature dependence

The increase in dielectric loss with temperature at
low to medium frequencies (up to about 10 KHz) sug-
gests that there are temperature-dependent mechanisms
contributing to the energy dissipation. This could be
due to increased molecular motion or other thermally
activated processes that enhance the dielectric loss at
these frequencies. Additionally, upon examining Fig. 10,
there appears to be a discontinuity in behavior between
380—-400 K for this frequency range. Such behavior might
be attributed to the initiation of thermally activated elec-
trochemical reactions within the material. This conjec-
ture aligns with the capacitance values, C > 10*F, noted

in Table 2 for this temperature spectrum, suggesting the
presence of electrochemical reactions [32].

However, beyond 10 KHz, the convergence of the
graphs at different temperatures indicates a transition
to a regime where these temperature-dependent mecha-
nisms are no longer dominant, making the dielectric loss
largely temperature-independent. This temperature and
frequency independence of dielectricloss at high frequen-
cies >10 KHz makes MEDTA/CH a promising material for
high-frequency electronic device applications [46, 47]. At
these frequencies, the performance of the device would
remain consistent across a range of temperatures, which
is a desirable trait in many electronic applications.

CONCLUSIONS

EDTA/CH and MEDTA/CH functionalized biopoly-
mers were effectively synthesized, with their structures
validated by X-ray diffractograms. The thermal gravi-
metric (TG) curves highlighted the superior stability of
MEDTA/CH over EDTA/CH, emphasizing Fe,O,’s role
in postponing the initial decomposition temperature.
A detailed analysis was undertaken on the obtained
impedance spectroscopic data. The real impedance, Z/,
exhibited a decline with both rising frequency and tem-
perature, pointing towards the semiconducting nature
of the created biopolymers. The imaginary impedance,
Z”, initially escalated with frequency, peaked, and sub-
sequently reduced with a continued frequency increase.
This peak exhibited a consistent shift to higher frequen-
cies as the temperature increased, suggesting a tem-
perature-dependent mechanism. The deduced activa-
tion energy, E, from the imaginary impedance stands
at 0.66 eV. The semicircular trajectory of the Nyquist
plots, paired with a decreasing radius as temperature
elevates, reconfirmed the biopolymers’ semiconducting
behavior. ¢ and ¢” display similar responses against fre-
quency, albeit ¢” boasts a significantly larger magnitude.
Additionally, a decline in dielectric loss with ascending
frequency is observed, registering values <1 at ~10 kHz.
Given the consistent dielectric loss at high frequencies
exceeding 10 kHz irrespective of temperature and fre-
quency, MEDTA/CH emerges as a potential candidate for
high-frequency electronic devices.
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