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Abstract: This study explores the synthesis and characterization of chitosan/gelatine films incorpo-
rating nickel ferrite (NiFe,O4) and cobalt ferrite (CoFe,O4) nanoparticles. The magnetic nanoparticles
exhibit superparamagnetic behaviour, making them attractive for various applications, including
biomedical uses. The X-ray diffraction analysis confirmed the successful synthesis of NiFe,O4 and
CoFepO4 nanoparticles, and the scanning electron micrographs illustrated well-dispersed ferrite
nanoparticles within the biopolymer network, despite the formation of some aggregates attributed to
magnetic interactions. Magnetization loops revealed lower saturation magnetization values for the
composites, attributed to the chitosan/gelatine coating and the dielectric studies, indicating increased
dielectric losses in the presence of ferrites, particularly pronounced in the case of NiFe,O4, suggesting
interactions at the interface region between the polymer and ferrite particles. The AC conductivity
shows almost linear frequency dependence, associated with proton polarization and conduction
processes, more significant at higher temperatures for samples with ferrite particles.

Keywords: biocomposite; magnetic nanoparticles; nickel ferrite; cobalt ferrite; chitosan; gelatine

1. Introduction

Magnetic nanoparticles (MNs) are currently under extensive investigation in both
liquid organic media and polymer matrices [1-3]. MNs have attracted researchers in various
fields such as physics, medicine, biology and materials science due to their multifunctional
properties such as small size, superparamagnetic, low toxicity, etc. [4-8].

Among different magnetic nanomaterials, magnetite, Fe;0,, and maghemite, Fe,Os3,
have been extensively studied for biomedical applications due to their unique properties.
However, a challenge to be addressed regarding iron oxide nanoparticles is their poor
magnetic properties at small sizes and under physiological conditions. Moreover, the
presence of iron atoms in these nanoparticles results in interactions with haemoglobin,
leading to adverse effects [9].

Spinel ferrites nanomaterials with the general chemical formula of MFe,O4, where
M = Mn, Co, Ni, Zn or other transition metals, can display superparamagnetic properties
below a certain nanoparticle size range. Due to this magnetic behaviour and their phase
structure stability, such functional nanoparticles have been exploited for several potential
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biomedical applications, such as contrast agents for magnetic resonant imaging, drug
delivery systems and magnetic hyperthermia agents, but also as a promising material
for the solid-phase extraction of noble metals from leaching solutions of waste electrical
and electronic equipment [10]. Additionally, the diversity of the synthesis techniques and
parameters makes ferrites popular materials [11,12].

These spinel ferrites crystalize into an FCC (Face-Centred Cubic) lattice, which is
formed by the oxygen anions with the metal cations occupying the octahedral and tetrahe-
dral interstitial sites. Site occupancy is determined by the temperature, size of the cation
and bonding preferences of the individual ions.

Considering A and B as the divalent and trivalent cations, this representation can
be performed by the chemical formula (A;_ By )[Ay By, ]O4, with the round and square
parenthesis representing the tetrahedral and octahedral sites, respectively.

The degree of inversion, denoted as x, quantifies the fraction of tetrahedral sites
occupied by B cations. It ranges from 0, indicating a “normal” configuration, to 1, signifying
an “inverse” structure for the spinel arrangement [13].

Among the spinel ferrite family, nickel ferrite, NiFe,Oy, is one of the well-known
inverse spinel soft magnetic materials, in which Fe3* ions equally distribute both the
tetrahedral and octahedral positions, whereas Ni?* ions appear to occupy the octahedral
site only [9], which can be represented as (Fe)[NiFe]Oj4.

Usually, cobalt ferrite, CoFeyOy, also has an inverse spinel structure, in which Co?*
ions are in the octahedral positions and Fe3* ions are equally distributed in the tetrahedral
and octahedral sites. However, in nanostructured regimes, depending on the preparation
techniques used, the inversion parameter varies and is found to exist in a mixed spinel
structure [14,15].

Nickel ferrite has a net magnetic moment per molecule, high Curie temperature, high
magnetization, high permeability, good electrical resistivity, and a low dielectric loss [9]. In
turn, cobalt ferrite presents excellent physical properties such as high coercivity, medium
saturation magnetization and large magneto-crystalline anisotropy, as well as excellent
hardness and chemical stability [16].

However, MNs tend to aggregate due to strong magnetic dipole-dipole attractions
between particles. So, stabilizers such as surfactants, oxides, metal nanoparticles or poly-
meric compounds, with some specific functional groups, have been used to modify these
particles to increase their stability [17-19]. Magnetic particles usually consist of magnetic
cores to ensure a strong magnetic response and a polymeric shell to provide favourable
functional groups and features for diverse applications [20,21].

Natural polysaccharides and proteins, like chitosan (C) and gelatine (G), have been
preferred to modify the magnetite nanoparticles because of excellent features such as
hydrophilicity, biocompatibility, biodegradability and a remarkable affinity for metal
ions [21-25]. These biopolymers are a well-known adsorbent and effective in the ad-
sorption of metal ions since the amino (-NH;), carboxyl (-COOH) and hydroxyl (-OH)
groups on C-G chains can serve as electrostatic interaction and coordination sites [25-27].

Chitosan is a cationic polysaccharide obtained by the deacetylation of chitin, a natu-
ral polymer that can be found in the exoskeleton of crustaceans, insects and some fungi.
Chitosan’s broad application in the medical and pharmaceutical fields is attributed to
its inherent properties, such as biodegradability, biocompatibility, bioadsorbability, non-
toxicity and easy chemical modification by the presence of functional groups (-NHj,
—-OH) in its chemical structure that consists of N-acetyl-D-glucosamine and D-glucosamine
units [28-31].

Gelatine is a protein obtained by partial hydrolysis of collagen, the main fibrous
protein constituent in tissues, like bone, cartilage and skin. The amino acid composition of
gelatine is based principally on glycine, proline and hydroxyproline. Due to its biological
properties, gelatine has long been used in pharmaceutical and dietary supplements [32-34].

This study investigated thin films of natural polymers, chitosan and gelatine, con-
taining nickel ferrite and cobalt ferrite nanoparticles, aiming to provide insights into the
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structural and functional characteristics of the composite materials, evaluating the ability of
ferrite particles and the chitosan/gelatine biopolymer blend to create a naturally occurring
composite with magnetic properties and gather valuable information for future studies on
potential applications in devices or in the field of environmental purification from oil pollu-
tion [31,35]. The investigation employed X-ray diffraction, scanning electron microscopy,
dielectric spectroscopy and vibrating sample magnetometry.

2. Materials and Methods
2.1. Samples Preparation

The synthesis of NPs of Ni and Co ferrites was conducted by the co-precipitation
processing route [36].

All reagents, the FeCl3.6H,O, CoCly.6H;0, NiCly.6H,O and NH4OH solutions, are
commercial products of analytical grade (purity > 99.9%), used without further purification,
and supplied by Sigma-Aldrich and Vetec Quimica.

The solution of metallic salts containing M2+ /Fe3* (where M?* denotes Co?* or Ni?*)
was dissolved and mixed in milli-Q) water in the ratio molar of 1:2 forming a spinel lattice
phase (MFe;Oy). The aqueous mixtures were heated at 80 °C and then added into a 30%
wt. NH4OH solution, under vigorous stirring, until pH 10 was reached, to form a black
precipitate. The precipitate was washed several times with milli-Q water until the residual
solution became neutral. Finally, the magnetic nanoparticles were dried in a desiccator and,
after that, calcined at 400 °C for 1 h, in an air atmosphere, to form the spinel phases and
improve their magnetic properties [36].

Chitosan, C, fully deacetylated (Sigma-Aldrich, St. Louis, MO, USA), was dissolved in
an acetic acid solution (1% v/v) with mechanical stirring for 6 h. After centrifugation at
5000 rpm for 1 h, a dry matter was obtained after treatment in an oven, at 105 °C, until a
constant weight corresponding to 20 mg/mL was reached. A solution of gelatine, G, (Vetec
Quimica, Rio de Janeiro, Brazil) was prepared in acetic acid solution (0.1%, v/v) and heated
until 70 °C for complete dissolution.

Both solutions were mixed in a 1:1 proportion (in weight), resulting in the sample
henceforth referred to as CG11.

MN:s of NiFe,O4 and CoFe;O4 were dispersed into the prepared chitosan—gelatine
solution by ultrasonic irradiation for 60 min in the weight ratio polymer: MNs of 1:2, with
the samples designated as CG11Ni and CG11Co, respectively. The solutions obtained were
cast in acrylic and dried in a refrigerator.

2.2. Characterisation Techniques

The X-ray diffraction (XRD) spectra were obtained, at room temperature, on a Rigaku
XDMAX diffractometer (CuK « radiation, A = 1.54060 A — XDMAX, Rigaku, Tokyo, Japan)
at 40 kV and 30 mA.

The microstructure of the samples was observed by scanning electron microscopy
(SEM), performed in an Inspect S-50, FEI system (FEI inspect S-50, Hillsboro, OR, USA), on
the surface and fracture surface of all the samples, which were previously covered with
gold (30 nm) before microscopic observation.

The magnetic measurements were taken using a vibrating sample magnetometer
(VSM), from Cryogenics’ (London, UK) device. The hysteresis curves were obtained, of 5
and 300 K, with a magnetic field from —10to 10 T.

For the dielectric characterization, the opposite sides of the samples were covered with
silver conducting paste. During the dielectric measurements, samples, with a thickness of
about 0.15 mm, were maintained in a helium atmosphere to improve the heat transfer and
eliminate the moisture. The impedance spectroscopy measurements were performed in the
frequency range of 40 Hz to 1 MHz, as a function of the temperature (120-300 K), using an
Agilent 4294 A Precision Impedance Analyser (Santa Clara, CA, USA), measuring in the
Cp-Rp configuration.
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3. Results and Discussion

The X-ray diffraction pattern of the chitosan/gelatine film, CG11, and prepared ferrite
composites, CG11Ni and CG11Co, are shown in Figure 1.

O NiFe,O,
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O (220)
O (311)

Intensity (a.u)
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Figure 1. XRD patterns of the studied samples.

For the sample CG11, four distinct peaks, located at 20 = 11.9°, 18.5°, 23.4° and 29.4°,
can be observed. These peaks are specific characteristic functional peaks of semi-crystalline
chitosan, as shown in the literature [37,38].

Gelatine, which possesses, essentially, a non-crystalline structure, also shows a moder-
ate and very broad peak around 20.0° [39,40]. This fact is well aligned with the presented
results, namely due to the amorphous area observed for lower values of 26.

The XRD spectrum of the CG11Co samples presents the peaks located at 26 = 11.9°,
18.5° and 23.4°, assigned to chitosan. However, with a slight decrease in their relative
intensity. Additionally, six sharp peaks can be well indexed to the inverse cubic spinel
structure of CoFepOy, according to the ICDD 04-016-3954 code [41].

In the CG11Ni sample, none of the peaks ascribed to chitosan are visible. This can
be justified by the disruption of the well-crystalline linear structure of chitosan due to
interaction with various monomers since amine and hydroxyl groups on the polymeric
structure of chitosan interact non-covalently with nanoparticles [42]. However, the five
narrow peaks observed can be assigned to NiFe;Oy, in agreement with the ICDD 04-014-
8286 [43].

These results confirm that the nanoparticles of CoFe,O4 and NiFe,O4 were success-
fully synthesized and show that the sample CG11Ni exhibits a loss of crystallinity in the
organic phase of the composite, in contrast with the sample CG11Co, which maintains
its crystallinity. This shows that the loss of crystallinity is not a result of the preparation
process, which might also disrupt the crystalline regions of chitosan and produce a highly
amorphous material [44], but due to intrinsic characteristics of the studied nanoparticles.

The crystallite size of Co and Ni ferrites was investigated based on X-ray diffraction
line broadening and estimated using Scherrer’s equation [36]:

_ BA
B cosb

)
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where d is the average crystallite size of the phase under investigation, B is the Scherrer
constant (0.90), A is the wavelength of the X-ray beam used, f is the full-width half maxi-
mum (FWHM) of diffraction and 6 is the Bragg’s angle. The values obtained were 6.5 nm
for CoFe;O4 and 7.9 nm for NiFe,O.

The SEM micrographs of the prepared composites are displayed in Figure 2, where the
white dots are the ferrite nanoparticles and the dark background is the chitosan/gelatine
polymer. As demonstrated, a good dispersion of the ferrite nanoparticles within the biopoly-
mers network is achieved, particularly in the CG11Co sample. Nevertheless, the formation
of aggregates on the surface of both films can be noticed. These agglomerations occur locally
due to the magnetic interaction among the cobalt and nickel ferrite nanoparticles [45].

Figure 2. SEM micrographs, taken with a magnification of 5000x, of the (a) CG11Co and
(b) CG11Ni samples.

It is noteworthy, however, that ferrite nanoparticles are well embedded in the poly-
mer matrix, without visible defects, pores or phase separation unfavourable for device
fabrication.

Figure 3 shows the magnetization loops, at 5 K and 300 K of the two composite
films, where the variation in the magnetization of the samples CG11Co and CG11Ni was
investigated as a function of the magnetic field, in the range of —10 to 10 T [27].
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Figure 3. Magnetization hysteresis loop of the (a) CG11Co and (b) CG11Ni samples.

In the case of CG11Co, shown in Figure 3a, the saturation magnetization was found to
be 1.43 emu/g at 5 K and 0.36 emu/g at 300 K. This sample shows a coercive force of 1.27 T
at 5 K, while at room temperature there is no measurable coercive force.

For the composite CG11Ni, Figure 3b, the saturation magnetization was found to be
2.41 emu/g at 5 K and 0.36 emu/g at 300 K. In this case, a particularly small value of
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coercive force is observed, with negligible retentivity, which indicates the ferromagnetic
nature of the material in both temperatures.

At room temperature, the saturation magnetization of CoFe,O4 nanoparticles, synthe-
sized using the same route, was reported as 29.46 emu/g, with a coercive force of 0.019 T.
For the NiFe,O4 nanoparticles, the saturation magnetization was 15.2 emu/g, with the
coercivity being approximately zero [36].

The formation of an external layer of chitosan/gelatine around the CoFe,O, and
NiFepOy4 particles provided a composite material with lower magnetization values since
both chitosan and gelatine are diamagnetic [46—48]. Also, lower values of the saturation
magnetization of the cobalt and nickel ferrites can be due to a disordered surface magnetic
layer and noncollinearity of magnetic moments at the octahedral and tetrahedral sites [49].

A similar trend was found by Santos et al. [46], when developing a CoFe,O4/chitosan
composite, where the saturation magnetization values were 50.34 and 16.45 emu/g and the
coercivity values were 0.032 and 0.031 T for the CoFe,O4 particles and CoFe;O4/chitosan,
respectively, measured at room temperature.

In the present study, the lower saturation magnetization values of the CG11Co and
CG11Ni composites can be due to the gelatine chains that suppress the free rotation of the
magnetic moment, as reported by [50] when characterizing composite materials based on
gelatine and iron oxide nanoparticles.

The dielectric response of the composites produced, as a function of temperature and
frequency, was also studied. The dielectric spectrum of an amorphous polymer generally
shows a multiple relaxation behaviour. For each process, a peak in dielectric losses, e’ is
present at a fixed temperature. For a relaxation process, ¢ and ¢” are connected by the
Kramers-Kronig relation and contain the same information in principle [51].

Figure 4 shows the variation of ¢'" as a function of the frequency for the CG11, CG11Co
and CG11Ni samples, at temperatures from 120 K to 280 K. A clear increase in the ¢ is
observed, as a consequence of the cobalt and the nickel ferrites’ inclusion on the polymeric
matrix, with this increase being more expressive in the sample CG11Ni.

0.4 0.5
@) * 120K (b) * 120K
@ 200K 2 200K
A 240K 0.4- A
0.3 ¢ o A 260K A
'3 0 © 280K >
O, v AdtL, € 0.34
8" 0.2 8"
0.2
0.1
0.1+
0.0 T T 0.0 —— —— — T
1 10 100 1000 1 10 100 1000
Frequency (kHz) Frequency (kHz)
1.0

120K
200K

%(C)

Frequency (kHz)

Figure 4. Variation of ¢”, as a function of frequency, at temperatures from 120 K to 280 K: (a) CG11;
(b) CG11Co; (¢) CG11N:i.
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An ¢’ peak can be characterized by its frequency position, fmax, from which the
respective relaxation time, T = 1/(27fmax), can be obtained [52]. As no significant shift in
the maximal loss peak occurs with the temperature increase, the relaxation time for the
three samples is nearly temperature independent, being displayed in Table 1.

Table 1. Real and imaginary parts of the permittivity, loss tangent, relaxation time and activation
energy of the studied samples.

4 g’ tan & E
-5 a(AQ)
Sample (280 K, (80K, (80K, o ((22(1)010 s) (V)
1 MHz) 1 MHz) 1 MHz) (1 MHz)
CGl1 3315 0.104 0.0314 3.462 0.248
CG11Co 3.725 0.194 0.0521 3.128 0.250
CG11Ni 4.456 0.267 0.0601 2.687 0.241

Table 1 also summarizes the dielectric parameters of the studied samples, obtained
at 280 K and 1 MHz. Besides the real and imaginary parts of the permittivity, also known
as dielectric constant and dielectric losses, respectively, the loss tangent, given by tg
§ = ¢ /¢ [53], is also presented.

From these results, is clear that the inclusion of cobalt and nickel ferrites in the
chitosan/gelatine film will produce composites with smaller relaxation times, which may
be due to interaction at the interface region between the polymer and ferrite particles.

The AC conductivity was calculated using the expression oac = weg €’ [54] and the
Arrhenius expression, given by Equation (2), was applied to estimate the activation energy,
where 0y is a pre-exponential factor, E;(ac) the activation energy, kg the Boltzmann constant
and T the temperature [55,56]. The activation energy of the three samples is also presented
in Table 1.

Eﬂ
OAC = 0 exp( k;A;)> )

Figure 5 shows the frequency dependency of the conductivity for the studied sam-
ples. The frequency dependency of the conductivity appears almost linear, mainly for
temperatures above 240 K. Many works associate such behaviour in collagen and different
biological materials to be due to proton polarization and conduction processes [57,58].
It was proposed that these sites are created by newly formed intra- and intermolecular
interactions such as hydrogen, hydrogen-bound water, hydrophobic and van der Waals
interaction, essential for the stability of the polymeric structure [59]. Such influence on
the permittivity seems to be more significant over higher temperature ranges and for the
samples with ferrite particles in their composition. The differences in the values of ¢ and
¢’ could indicate that the proton transport and the ability of proton accumulation in the
interface are lower for CG11 and higher for CG11Ni.

Figure 6 presents the temperature dependency of the real part of the permittivity
for the studied samples, at 1 kHz. From these results, a peak of intensity in the ¢’ value
around 280 K is visible for the CG11Co and CG11Ni samples and at around 300 K for the
CG11 sample.

Differential scanning calorimetry measurements on chitosan [60] show an exothermic
peak located approximately from 310 to 398 K and a mass loss associated with this process
of 9.2%, which could be due to the evaporation of absorbed water in the inner polymer.
In the dielectric measurements, this represents a region of loss increase, as can be seen
in Figure 4.
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Figure 5. Conductivity, as a function of frequency, at temperatures from 120 K to 280 K: (a) CG11;
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Figure 6. Real part of the dielectric permittivity, as a function of temperature, at 1 KHz.
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4. Conclusions

This study investigated the structural, magnetic and dielectric properties of chi-
tosan/gelatine films with embedded ferrite nanoparticles, specifically CoFe,O4 and NiFe;Oy.
The X-ray diffraction patterns confirmed the successful synthesis of the nanoparticles; how-
ever, with the CG11Ni exhibiting a loss of crystallinity in the organic phase.

The SEM micrographs demonstrated good dispersion of the ferrite nanoparticles
within the biopolymer network, though with some surface aggregates due to magnetic
interactions.

The magnetization loops revealed lower saturation magnetization values for both
composites compared to bare ferrite nanoparticles, attributed to the chitosan/gelatine
coating and, eventually, to disordered surface magnetic layers.

The dielectric response study showed an increase in dielectric losses with the inclusion
of ferrites, particularly pronounced in the case of NiFe,Oy.

Furthermore, the temperature-dependent real part of permittivity exhibited peaks
around 280 K for CG11Co and CG11Ni, and around 300 K for CG11, which can be related
to the evaporation of absorbed water in the polymer matrix.

Overall, the findings provide insights into the structural and functional character-
istics of the composite materials, validating the ability of ferrite particles and the chi-
tosan/gelatine biopolymer blend to create a naturally occurring composite with magnetic
properties, presenting valuable information for potential applications in devices for energy
storage, electromagnetic radiation absorbers, magnetic field-activated sensors and, also, for
biomedical applications, namely magnetic hyperthermia.
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