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INTRODUCTION

During the recent years there are major interests in the
technologies of nanostructures materials. The magnetic
nanomaterials offer several advantages due to their nanosize (< 100
nm), as well as to their unique structural and magnetic properties.
Given the wide scale applications of the magnetic nanoparticles in
biomedical field, biotechnology, engineering, materials science, etc,
a great attention was paid to the preparation of various types of
particles.

A nanoparticle category with wide applicability is
represented by the nanoparticles with spinel structure, made of iron
oxides, such as: magnetite Fe30,4, maghemite y-Fe,O, MFe,O, (M=
Mn, Mg, Ni, Co, Zn, etc). Their utilization in biomedical purposes,
such as in imagery based on magnetic resonance (RMN) as contrast
agents, in marking the cancer- affected tissues, in magnetic
hyperthermia treatment, in magnetically controlled transport and
release of medicamentary substances, brought a major contribution
to the evolution of medical treatment and technology. The previous
studies concerning the toxicity of iron oxides and of aqueous
solutions based on metallic oxides have proved that these show the
lowest toxicity.

The chosen research theme concerning the utilization of
magnetic nanoparticles and of aqueous solutions based on metallic
oxides in magnetic hyperthermia is quite present in the international
research due to its biomedical applications.

This work is structured on two basic directions: the
topicality and importance of the theme in the national and
international research, and personal contributions in this research
field. The thesis is divided in four chapters and ends with some
general conclusions.

Chapter |
Introductory notions about magnetic hyperthermia

1.1. General notions

For medical application, especially important are the
magnetic nanoparticles with ferromagnetic properties in the form
MFe,O,4, where M can be Mn, Co, Ni, Zn, etc. These nanoparticles



were synthesized through various methods in order to produce bio-
compatible and stable particles with controlled shape, and to have a
good dispersivity in surfactants. The mostly used methods for high
quality magnetic nanoparticles synthesis include co-precipitation,
thermal decomposition, hydrothermal synthesis and laser induced
pyrolysis [1]. The co-precipitation is a convenient and easy method
to synthesize iron oxides (FesO, or y-Fe,03) from aqueous solutions
through the addition of a base at room temperature or high
temperatures. The shape and composition of these nanoparticles also
depend on the type of utilized salts (chlorides, sulphates, nitrates,
etc), on the pH value and on some reaction parameters, such as
temperature and solution stirring rate during the synthesis [2].

1.2. Hyperthermia

The hyperthermia, heat treatment or thermotherapy is
considered as one of the cancer therapies which, in combination
with radiotherapy and chemotherapy lead to significant results in the
treatment of several affections, cancer included. It is often difficult
to aim exactly the specific cancer cells. Any attempt to destroy the
tumor cells can result in the deterioration of the normal cells
surrounding them. One of the advantages of the thermal treatment is
that it permits to heat very small areas of the body, thus avoiding the
deterioration of the tissues adjacent to the cancerous zone [3].

The hyperthermia is a natural or artificial phenomenon
which implies increasing the temperature of the body or of a part of
it above the temperature established at a certain moment by the
organism thermo-regulatory system. The treatment is based on the
fact that a temperature increase between 40° and 48°C for an hour or
more induces the death of the tumor cells [4].

In order to obtain the maximum efficiency of the treatment,
the magnetic hyperthermia uses nanoparticles with various chemical
compositions which are introduced inside the affected tissue as
sources for tumor tissue heating. The dimensions of the
nanoparticles used for this goal must be smaller than 100 nm. The
method implies placing the magnetic nanoparticles within an
alternative magnetic field. The studies concerning the application of
this treatment method are thoroughly focused on the nanoparticles
properties, the methods to introduce them inside the organism, the
heating techniques and temperature control in the tumor tissue [5].
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1.3. Types of hyperthermia

Depending on the localization of the heat sources, the
hyperthermia can be classified in external hyperthermia and internal
hyperthermia. In the case of external hyperthermia, the heat transfer
is performed from outside the body through various methods, such
as microwaves, radiofrequency waves, ultrasounds, etc, while the
internal hyperthermia is based on introducing the heat sources inside
the body [6].

According to the heat transport technique, one can speak
about local or regional hyperthermia or the hyperthermia of the
entire body.

1.4. Types of nanoparticles used in hyperthermia

As far back as 1957 Gilchrist and Co [7] proposed the
utilization of magnetic materials in hyperthermia. The particles used
in hyperthermia present ferro- or ferri-magnetic properties.
Pankhurst and Co. [8] reported that the magnetic particles present
magnetic properties in the absence of the applied magnetic field.
The magnetic particles used in hyperthermia possess magnetic
moment and can have permanent magnetic orientations. At present,
the dextran-covered magnetite, with a Curie temperature of 58.5°C
is widely used as hyperthermic agent [4].

1.4.1. Cobalt ferrite

The cobalt ferrite was also applied in hyperthermia by
Pradhan and Co. [9] in 2005. They synthesized superparamagnetic
nanoparticles of FesO, MnFe,O, and CoFe,O, through co-
precipitation in nitrogen atmosphere. The SAR value for cobalt (37
WI/g) was smaller than for the manganese ferrite (120 W/g) and
magnetite (97 W/g).

1.4.2. Magnetite and maghemite

The magnetic nanoparticles mostly studied in the
hyperthermia process were magnetite and maghemite. Ma &Co.
studied through calorimetric method the influence of magnetite
nanoparticles size (7.5, 13, 46, 81, 282 and 416 nm) on the specific
absorption rate (SAR), investigating the temperature dependence on
the time while the magnetic field is applied (80 kHz, 32.5
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kA/m)[10]. The author noticed that the SAR value for the magnetite
nanoparticles strongly depend on nanoparticles size.

1.4.3. Manganese Ferrite

Unlike cobalt, the manganese is less toxic for the human
organism, which justified the studies dedicated to the production of
nanoparticles able to increase the temperature of the medium in
which they are introduced even in small quantities. With this aim in
view, studies were performed on manganese ferrite with
applications in hyperthermia.

1.4.4. Zinc ferrite
Simultaneous studies were also carried out on the zinc
ferrite with applications in hyperthermia.

1.5. Mechanisms of ferrofluids heating

The magnetization processes suffered by the magnetic
nanoparticles depend on the amplitude and frequency of the applied
magnetic field and can determine them and the medium in which
they are dispersed to get heated. The energy losses characteristic to
nanoparticles systems situated in an alternative magnetic field are of
several types: the hysteresis losses, Néel and Brown relaxations and
eddy current losses (Foucault currents).

1.5.1. Hysteresis losses

The hysteresis losses are directly proportional with the area
of the hysteresis loop. These depend on the shape of the hysteresis
loop, their diminution being determined by the utilization of certain
materials with a narrow hysteresis loop. These losses come from the
delay of the magnetic induction in the substance in following the
fast variations of the magnetic field intensity between negative and
positive fields. The area encircled by the hysteresis loop represents
the energy consumption during a single cycle.

1.5.2. Losses through Néel and Brown relaxations

The relaxation losses can be induced through some
relaxation processes which occur during the magnetization
processes. In a magnetic ferrofluid, the magnetization reversal
usually occurs through Brown or Néel relaxation processes. The
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Néel relaxation concerns the rotation of the magnetic moment inside
the particle and appears when the heat energy exceeds the energy
barrier [11]. If the particle moves freely inside a liquid medium with
viscosity #, a second relaxation mechanism appears due to the re-
orientation of the entire particle. The mechanism concerns the
Brown process [12].

Chapter 11
Methods for the investigation of structural, magnetic and
thermal properties of the magnetic powders with spinel structure

2.1. X-rays diffraction (XRD)

The X-rays diffraction is the mostly used technique to
determine the crystallite dimensions, the spaces between the
crystallographic planes, the directions of the diffraction planes, the
presence of residual phases and the values of the lattice spacing of
the crystalline materials.

2.2. Transmission electron microscopy

The operation of the transmission electron microscope is
based on the effect of structural characteristics of the studied
material. This produces images by focusing a high energy electron
beam through a thin layered sample. The sample preparation for
TEM analysis is an important stage and it usually demands its
deposition on fine metal meshes or on a carbon support grid.

2.3. Energy Dispersive X-ray Spectroscopy (EDX)

The Energy Dispersive X-ray Spectroscopy (EDX) is an
analytical technique used for elemental analysis and determination
of the chemical composition of magnetic nanoparticles. From the
EDX data one can estimate the ratio of the concentrations of the
chemical elements from the sample [2]. A spectrometer attached to
the transmission electron microscope forms the so-called analytic
TEM microscope. The portable EDX systems were built using X-
rays tubes or radioactive sources.

2.4. Dynamic light scattering (DLS)

Zetasizer is a device that performs measurements of
microscopic particle size using the dynamic light scattering (DLS).
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The dynamic light scattering, also known as Photon Correlation
Spectroscopy (PCS), measures the scattering spectrum produced
when light passes through a sample. This method is based on the
calculus of the diffusion caused by the Brownian motion described
by the Stokes- Einstein equation [13, 14].

2.5. Zeta potential

The values of the zeta potential show the stability of a
colloidal system. A positive or negative value of 30 mV can be
considered as an arbitrary value which indicates the colloid stability.
In the case of a small particle, a zeta potential value that exceeds 30
mV (positive or negative) indicates the solution stability and the
tendency of nanoparticles to remain dispersed. When smaller values
of the zeta potential are recorded, the attraction exceeds the rejection
and the phenomenon of particles agglomeration appears [15].

2.6. Fourier Transform Infrared Spectroscopy

The Fourier Transform Infrared Spectroscopy (FTIR) can
be used for the investigation of the gaseous, liquid and solid
materials at high or low temperatures. This technique is based on the
interaction between the electromagnetic radiations and the sample
and it reveals the nature of the vibration of chemical bonds between
the atoms and molecules which compose the material. The FTIR
spectra contain information concerning the presence of some
functional groups/types of bonds in the molecules of the studied
sample [16].

2.7. Vibration Magnetometry. Vibrating Sample
Magnetometer (VSM)

The Vibrating Sample Magnetometer (VSM) was proposed
by Simon Foner [17] in 1956. This efficient method for
measurement and characterization of the magnetic material
properties is based on the law of electromagnetic induction.
Hysteresis loops of samples under various shapes in different
configurations can be obtained [18].

2.8. Calorimetric method for the determination of
specific absorption rate of colloidal suspensions



In order to measure the specific absorption rate of the
studied colloidal suspensions (ferrofluids), a calorimetric technique
for power absorption measurement was used [19]. By performing
measurements of ferrofluid heating/cooling, one can obtain the
values of sample temperatures (T) as function of time (t). For a
better precision of the experimental data, the ferrofluid temperature
measurements during heating and cooling is performed by means of
a optical fiber thermometer with GaAs sensor.

All these methods of characterizations contributed to the
determination of morphological, structural and magnetic properties
and the determination of the specific absorption rate of Mn,Fe;.
«Fe,0, and Co,Fe; 4 Fe,O4 nanoparticles studied in this work.

Chapter 111
Contributions to the study of Mn,Fe;Fe,0,and Co,Fe;.
«F€,04 nanoparticles in agueous solution

3.1. Contributions to the study of Mn,Fe;,Fe,O, nanoparticles
in agueous solution

3.1.1. Production of Mn,Fe,,Fe,O, nanoparticles in
aqueous solution through co-precipitation method

In order to obtain colloidal suspensions of Mn,Fe; ,Fe,04
nanoparticles, with x varying from 0 to 1, a simple and convenient
method was used, namely the co-precipitation method [20-23].

The poly-condensation of the (Fe**, Fe?* and Mn®") cations
from an aqueous solution in alkaline medium can be described by
the relation [19]:

(1-x)Fe?* + xMn* + 2Fe3* +80H = - (1-x)Fe2* (OH Jp-xMn(OH ), -2Fe(OH )3 ¢ (3.1)
The conversion of the solid solution of the metallic
hydroxides in manganese ferrite is accomplished through heating:
(1-x)FeZ* (OH ), + xMn(OH ), + 2Fe(OH )3 — MnyFe(1x)Fe204 -NH20+(4—-n)H20
32)
The general reaction of iron oxide nanoparticle formation
can be described by the reaction:

(1-x)Fe®* +xMn?* +2Fe3" +80H ™ — MnyFe(t_x)Fe204 NH0+(4-nH20  (3.3)
where X is the molar percentage.



3.1.2. Study of structural properties of manganese ferrite
nanoparticles

3.1.2.1. Results of the X-rays diffraction analysis of the
Mn,Fe;Fe,O4 nanoparticles

The X-rays diffraction analyses were carried out by means
of the PANalytical, X PertPro diffractometer (from the Laboratory
of the Physical Chemistry Department of the Saarland University,
Germany) with the CuK,, radiation (A= 1.54059 A, 1= 40 mA, U= 45
kV) at room temperature, with a step of 0.02° and 1 sec time for
each step. From powders diffractograms (Figure 3.1) [24] one can
notice the formation of a face centered cubic (FCC) structure of the
Mn,Fe;..Fe,O, ferrite for all the six values of x: 0, 0.2, 0.4, 0.6, 0.8
and 1 respectively.
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Figure 3.1. Diffractograms of the Mn,Fe; ,Fe,O, powders [24].

By using the peaks half-width and the Scherrer equation

[25], the average value of the crystallite size was determined (Table

3.3). It was noticed that the crystallite dimension increased with

increasing level of iron substitution by manganese. This increase

from 9 to 16 nm was due to the size of ionic radius, the Fe*" ionic

’rae\ldius (0.63A) [26] being smaller than the radius of Mn** ion (0.81
)[27].

3.1.2.2. Results of the TEM microscopy and EDX analysis
of the elemental composition of Mn,Fe;.,Fe,0, nanoparticles



The images from the transmission electron microscopy
(Figure 3.4), taken over by the Jeo Jem 2010 device from the
Laboratory of the Physical Chemistry Department of the Saarland
University, Germany offered the possibility to determine
nanoparticles shape, dimension and agglomeration degree. From the
TEM images, one can notice the groups of faceted nanoparticles of
various shapes (polyhedral or almost spherical). The average size of
the Mn,Fe; 4 Fe,0, nanoparticles was determined by using the Image
J Software and measuring the dimensions of at least 50 particles.
The obtained values are in nanometer range, between 10.5 and 21.2

nm.
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Figure 3.4. TEM images for nanoparticles of: a) Fe;04 and f)
MnFe,0, [24].

By comparing these results with XRD results, one can draw
the conclusion that the nanoparticles are of the dimension of a single
magnetic domain. One can notice that the particle dimension
increases with the increase of the level of Fe substitution by Mn.

By means of the energy dispersive X-rays
spectrophotometer (EDX) one could determine the elemental
composition of the magnetic nanoparticles. The EDX analysis
confirms the presence of the chemical metallic elements Fe and Mn.

3.1.2.3. Results of the DLS analysis of Mn,Fe;Fe,04
nanoparticles



In order to determine the hydrodynamic diameter (Dpyaro)
and particle distribution according to their size, a Zetasizer Nano ZS
device from Malvern Instruments was used, based on the process of
dynamic light scattering. In order to record the values of the
dynamic diameter and the distribution of magnetic nanoparticles, the
particle suspension was measured five times at room temperature
and the average value was taken into account. The obtained values
ranged between 75nm and 110 nm. According to Kin researches
[28], the high values of the hydrodynamic diameter can be explained
through the nanoparticles tendency to agglomerate into the aqueous
suspension.

3.1.2.4. Results of the vibration spectral analysis of
Mn,Fe;Fe,O4 nanoparticles

The FTIR analysis was used in nanoparticles case to
identify the vibrations corresponding to metal- oxygen bond from
the crystallographic positions corresponding to the structure of
spinel, tetrahedral and octahedral type respectively, taking into
account that each cation has its own coordination mode.

3414~
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Figura 3.7. FTIR spectra for nanoparticles of: a) FesO, and f)
MnFe,0,.

Two vibration peaks characteristic to carboxyl group, -
COO-, which belong to the sodium citrate were detected between
1620- 1630 cm™ and 1391- 1423 cm™. The strong absorption
maxima noticed within the interval 564- 569 cm™ are assigned to
intrinsic stretching vibrations of the bonds between the metal ions
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and oxygen ions from the tetrahedral positions, while the weak
absorption maxima correspond to the stretching vibrations of the
bonds between the metal ions and oxygen ions from the octahedral
positions [29, 30]. Weak absorption peaks are noticed within the
interval 383- 390 cm™. According to Waldron study [34], one can
state that these two absorption peaks suggest the generation of the
spinel structure of the manganese ferrite nanoparticles.

3.1.3. Magnetic properties of the Mn,Fe, ,Fe,O, ferrite

The measurements of the magnetic properties of the
Mn,Fe; Fe,O4 powders were performed at room temperature with
vibrating sample magnetometer Lake Shore Model 7300. The
hysteresis loops were recorded in a continuous magnetic field varied
between -20 kOe and +20 kOe. From the magnetization curve, M
vs. H, one can determine the superparamagnetic behavior of the
entire series of Mn,Fe; \Fe,0,. This can be explained by the small
particle size, a result confirmed by the TEM analysis.

Feao‘
——Mn_Fe_ Fe O

02 o8 24

Mn  Fe FeO,

204 Mnﬂ.lFeOJFe2°Q

Mn__Fe Fe O

08 02 2 4

MnFe,0,

404

M, (emu/g)

-204

404

-604

20000 10000  © 10000 20000
H (Oe)
Figure 3.8. Magnetization curves at room temperatures for
nanoparticles from Mn,Fe; ,Fe,0, series [24].

One can notice a monotonous increase of the saturation
magnetization with x (level of iron substitution by manganese), but
for x= 0.6, 0.8 and 1 the magnetization values are just about the
same. This magnetization behavior cannot be explained only by the
cations distribution, but also by the particle dimension and the so-
called “spin canting” effect [27, 33]. The obtained values are smaller
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than those characteristic to the bulk materials (110.6 emu/g) [34],
due to the small particle dimensions and the synthesis method.

3.2. Contributions to the study of Co,Fe; ,Fe,O4 nanoparticles in
aqueous solution

3.2.1. Production of Co,Fe;.<Fe;O., particles in aqueous
solution through co-precipitation method

The Co,Fe;Fe,04 nanoparticles, with x varying from 0.1
to 1, were prepared through co-precipitation method, the same
synthesis method as in the case of manganese nanoparticles.

10.16 NaOH +
200 ml AD (90°C)
(10.81g FeCl-6H,0 + 40ml AD)

+(yg MnCly5i Zg FeCL-H,0 +
&ml AD) (70°C)

washing with distilled
water 3-times

(8482 p Fe(NO,)-91,0
+60 ml AD)
+{y2 g MnCl, §i2/2 g FeCLAH,0
+8.5 ml AD)(80°C)

magnelic stirring (80
°C, 30 min)

cooling at room
temperature (30 min)

‘washing with distilled
water

Figure 3.11. Schematic diagram of Co,Fe,_Fe,O, nanoparticles
synthesis method

3.2.2. Study of the structural properties of the
nanoparticles of cobalt ferrite

3.2.2.1. Results of X-rays diffraction analysis of the CoFe;.
«Fe,0,4 nanoparticles

These diffractograms confirmed the formation of a face
centered cubic (FCC) structure characteristic to the CosFe;4Fe,0,4
ferrite, for all the six values of x: 0, 0.2, 0.4, 0.6, 0.8, 1. The
dimensions of the crystallites of nanoparticles from the cobalt ferrite
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series were determined by using the Origin software and a Lorentz
deconvolution of the diffraction data.
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Figure 3.12. Diffractograms of the Co,Fe;.Fe,O, powders [37].

The experimental data proved that the crystallite
dimensions increase with increasing level of iron substitution by
cobalt, except for the sample with x= 0.4, for which crystallite size
remains the same as for magnetite. This noticed increase of the
crystallites size from 9.1 to 15.5 nm can be explained by the
substitution of Fe®* ion, with a smaller atomic ray (0.61A) by the
Co? ions, with a little bigger radius (0.62A) [28, 37].

3.2.2.2. Results of TEM microscopy and EDX analysis of
the elemental composition of Co,Fe,.,Fe,O4 nanoparticles

As in the case of manganese nanoparticles, the
transmission electron microscopy images (JEOI JEM 2010) gave the
possibility to determine the nanoparticles shape, dimension and
agglomeration degree.

The average dimensions of the Co,Fe;,Fe,O, nanoparticles
were determined by using the ImageJ software, measuring the
dimension of at least 100 particles. The obtained values are within
the nanometer range, between 8.6 and 15.7 nm (Table 3.11). These
values are comparable with the average dimensions of the
crystallites, which suggest that the nanoparticles are magnetic single
domains.
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Table 3.11. Particle size and hydrodynamic dimension of
Co,Fe,.,Fe,O4 nanoparticles [37].

Drem (nm) Dhidro (NM)
F9304 10.7+0.1 61+2
Coo2Feo sFe;04 10.8+0.1 57 +2
Coo.4FeosFe04 9.6+0.1 51+2
CoggFegsFe, 04 13.7+£0.2 55+2
C00_3F90_2F9204 14.6+£0.2 63+ 2
CoFe,0, 15.7+£0.2 752

3.2.2.3. Results of the DLS analysis of Co,Fe; Fe,O4
nanoparticles [37]

In order to determine the hydrodynamic diameter (Dpygro) OF
the cobalt particles we have used the same device (Zetasizer Nano
ZS from Malvern Instruments) and the same experimental
conditions as in the case of manganese nanoparticles. The obtained
results indicated hydrodynamic diameters ranging between 51 and
57 nm (Table 3.11). As in the case of Mn,Fe;,Fe,O, ferrite, one can
notice high values of the hydrodynamic diameter, which can be the
result of nanoparticles agglomeration in aqueous suspensions.

3.2.2.4. Results of the vibration spectral analysis of Co,Fe;.
«Fe,0,4 nanoparticles

The FTIR spectrum was recorded in this case too by means
of the Jasco Plus 660 instrument, an infrared spectrophotometer.
The magnetic nanoparticles were dispersed in KBr.

The weak intensity absorption bands noticed within the
interval 383- 390 cm™ are associated with the stretching vibrations
of the bonds between the metal and oxygen ions from octahedral
positions [31, 32]. The strong absorption bands noticed within the
interval 564- 569 cm™ are assigned to the stretching vibrations of
the bonds between the metal and oxygen ions from tetrahedral
positions. It follows that the absorption maxima produced around
390 and 570 cm™ confirm the formation of spinel-type structure of
the cobalt ferrite nanoparticles, according to Waldron study [33].
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Figure 3.18. FTIR spectrum of nanopatrticles of (a) Fes0, and (f) CoFe,0,.

3.2.3. Magnetic properties of the Co,Fe,,Fe,O, ferrite

The hysteresis loops of the Co,Fe;Fe,O, nanoparticles
powders are presented in Figure 3.19. From the magnetization
curves M vs. H, one can notice that the transition from the
superparamagnetic behavior to ferromagnetic behavior occurs with
the increase of the cobalt content in the Co,Fe;.Fe,O, ferrite.

20000  -10000 0 10000 20000
H (Oc)

Figure 3.19. The magnetization curves of the Co,Fe;Fe,0,
series at room temperature [34].
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Figure 3.20. Saturation magnetization (M) and coercive
force (H,) vs. cobalt content (x) for the Co,Fe; Fe,0, series.

The values of the saturation magnetization (M) of the
Co,Fe;xFe,0, powders were estimated through the representation
and interpolation of the magnetization as function of the reciprocal
of the magnetic field (1/H). The values of the coercive force (H)
and the saturation magnetization were graphically represented in
terms of the cobalt content in Figure 3.20. One can notice the
increase of the saturation magnetization and coercive force with the
increase of the level of iron substitution by cobalt, but for x= 0.4
these show a decrease. The Co,Fe;Fe,0, nanoparticles these
decrease due to the smaller crystallite and particle dimensions.

Conclusions

e We obtained through co-precipitation aqueous ferrofluids
with the chemical formula Mn,Fe;,Fe,O, and Co,Fe;.
«Fe,0,with x=0, 0.2, 0.4, 0.6, 0.8, and 1.

e The XRD diffractograms confirmed the spinel structure of
all the nanoparticles from the both series.

e The TEM images confirmed the nanoparticles dimension of
nanometer order, while the crystallite dimension computed
through XRD suggested that most of the nanoparticles are
single magnetic domains

e The superparamagnetic behavior was deduced from the
magnetization curves of the Mn,Fe.,Fe,O, series,
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explained through the small dimension of crystallite and
particles respectively. The hysteresis loops measured for
Co,Fe,,Fe,O, indicated the passage from the
superparamagnetic behavior to the ferrimagnetic behavior
when increasing the level of iron substitution by cobalt.

CHAPTER IV
Contributions to the study of specific absorption rate of
Mn,Fe,.,Fe,0., Co,Fe; «Fe,0,and Co,Fe;Fe,0O,
nanoparticles dispersed in aqueous solution

4.1. Determination of the specific absorption rate of Mn,Fe;.
«Fe,0, based ferrofluids

In order to accomplish the correspondence between the
properties of the nanoparticles with the formula Mn,Fe; ,Fe,O, and
the specific absorption rate of ferrofluids produced with them, we
resorted to the determination of SAR using a calorimetric method
described in Chapter 1l, Section 2.8. Through this method we
performed measurements to determine the temperature variation in
time.

08
400 kiiz -1
484  358KW
a

MnFe;  Fe 04y 284

(] 20 40 60 80 100 [} 20 40 60 80 100
t(s) t(s)

(@)
Figure 4.3. Temperature variation in time for the Mn,Fe; ,Fe,O, series at
powers of (a) 0.55 kW and (f) 3.58 kW at the frequency of 400 kHz.

One can notice that the maximum temperature reached by
the ferrofluid depends on the chosen frequency, being much higher
in the case of the frequency of 1950 kHz. This is mainly due to the
magnetic relaxation mechanisms that occur. In the case of
nanoparticles dispersion in water based fluids, the Néel relaxation
prevails. This shows that the time interval when the temperature
increase to the maximum value is different at the two frequencies.
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Figure 4.4. Temperature variation in time for the Mn,Fe; ,Fe,O, series at
powers of (a) 0.55 kW and (f) 3.58 kW at the frequency of 1950 kHz [24]

Making use of the relation 4.3 [36] and the slope of the
temperature curve (Figures 4.3 and 4.4), one can obtain the values of
the specific absorption rate :

AR=C——— (4.3)

where:

e Cis the specific heat of the entire sample

e myp is the content of nanoparticles from the ferrofluid

e dT/dt is the temperature variation rate.

The ferrofluid specific heat was calculated with the formula:
_ MM, Fe,_,Fe,0,CMn, Fe_,Fe,0, + MwaterCwater (4.4)

MMn, Fe,_,Fe,0, + Mwater

C

where:
®  mmnre, Fe,0, ANd myater represent the mass of Mn,Fe;.

«Fe,0, nanoparticles from the ferrofluid and the quantity
of the utilized water respectively;

®  Cwmn,Fe,  Fe,0, Nd Cyater represent the specific heats of the

Mn,Fe; Fe,O4 nanoparticles and water respectively .

According to the results reported by other researchers [36], the
graphic presents a linear variation of SAR with the magnetic field
power. This dependence is justified by the mechanism of Néel
relaxation losses and can also be associated with the composition of
the nanoparticles content from the ferrofluid. One can notice that the
values of the specific absorption rate reached by the ferrofluid
depend on the selected frequency, being much higher in the case of
the frequency of 1950 kHz. An atypical behavior is remarked for the
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Figure 4.6. Variation of the specific absorption rate (SAR) with
the power (P) at the frequency of (a) 400 kHz, and (b) 1950 kHz for the
Mn,Fe;,Fe,0, series [24].

case x= 0.8 in the case of the frequency of 1950 kHz, which led to
SAR determination only for two values of the power (0.55 and 1.02
kwW). The values of the specific absorption rate obtained for
MnggFeq.Fe,0, are much bigger than for Mn Fe,O,4, even if the
values of the magnetic moments and the average particles sizes are
comparable. Since the prevailing relaxation mechanisms are the
Néel losses, one can conclude, as in other studies [36, 37], that the
anisotropy constant plays the determinant role.

4.2. Determination of the specific absorption rate for
Co,Fe,Fe,O, ferrite-based ferrofluids

As in the case of Mn,Fe;Fe,0, nanoparticles, the
temperature variation in time was determined, carrying out
measurements by means of the same calorimetric method. The
temperature variation in time for different powers of the applied
magnetic field at the frequencies of 400 kHz and 1950 kHz for
Co,Fe, 4 Fe,O4 nanoparticles, with x= 0+1 are presented in Figures
410 and 4.11. From these curves one can notice a direct
proportionality between the magnetic field power and the
temperature of each ferrofluid.

As in the case of Mn,Fe;Fe,0, nanoparticles, the
maximum temperature reached by the ferrofluid depends on the
generator frequency. The obtained results show that at 400 kHz the
recorded temperatures were much higher. The heating in the case of
these Cobalt nanoparticles is also due to the hysteresis losses. The
analysis of these curves also shows that the time while the
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temperature increases to its maximum values varies with frequency,
smaller time intervals being necessary at the frequency of 400 kHz
[24, 37].
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Figure 4.10. Temperature variation in time for the Co,Fe; ,Fe,0,
series at powers of (a) 0.55 kW and (e) 3.58 kW at the frequency of 400 kHz
[34].
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Figure 4.11. Temperature variation in time for the Co,Fe;Fe,O,
series at powers of (a) 0.55 kW and (e) 3.58 kW at the frequency of 1950
kHz [34]

One can notice that the obtained values are much higher
values at low frequencies (400 kHz) than in the case of 1950 kHz. In
the case of Cog4Feq¢Fe,0, nanoparticles, a decrease of the specific
absorption rate was found at both frequencies. The resulted SAR
values ranged between 12 and 29.3 W/g for the frequency of 400
kHz. What concerns the SAR determination at the frequency of
1950 kHz, this was only carried out for powers exceeding 2050 W.
These smaller SAR values correspond to the small values of
crystallite and particle dimensions, as well as of the saturation
magnetization.
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Figure 4.13. Variation of the specific absorption rate (SAR) with
the power (P) for different powers at frequencies of (a) 400 kHz and (b)
1950 kHz for Co,Fe;.,Fe,0, series

4.3. Determination of the specific absorption rate of ferrofluids
based on Zn,Co,.,Fe,O, ferrite

The magnetic Zn,Co;..Fe,0, nanoparticles represented the
objective of the investigations concerning the specific absorption
rate, but not the structural and magnetic properties. The temperature
vs. time curves were recorded for the frequencies of 400 kHz and
1950 kHz using the same calorimetric method and the same
experimental conditions as those used in the case of manganese and
cobalt.

Zn Coy_ Fe, 04 Zn Coy  Fe,0

804 .
400 kit 400 ki
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o o 20 ::) 60 8
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Figure 4.18. Temperature variation with time for the Zn,Co;.
«Fe,04 series at power values of (a) 0.55 kW and (e) 3.58 kW at the
frequency of 400 kHz [38].
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From the analysis of these curves one can notice a
straightforward proportionality between the magnetic field power
and the temperature of each ferrofluid.

304 Zn,Coy_ Fey0, Zn Coy (Fey0

1950 kHz
0.55 kW

t(s) )

Figure 4.19. Temperature variation with time for the Zn,Co;,.
«Fe,0, series at power values of (a) 0.55 kW and (e) 3.58 kW at the
frequency of 1950 kHz [38].

As in the case of Mn,Fe,,Fe,O, and Co,Fe;Fe,0,
nanoparticles, the maximum temperature that the ferrofluid can
reach depends on the generator frequency. The obtained results
show that at the frequency of 400 kHz the recorded temperatures
were much higher. The analysis of these curves also shows that
another important factor in reaching the maximum temperature is
the Zn quantity introduced in the lattice [38]. The higher the Zn
quantity introduced in the lattice, the lower the temperature values.
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Figure 4.20. Variation of the specific absorption rate (SAR) with
the power (P) for different powers at the frequency of (a) 400 kHz and (b)
1950 kHz for the Zn,Co,Fe,0, series [38].
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One can notice that the maximum values of the specific
absorption rate are obtained at low frequency (400 kHz), as in the
case of the magnetic Co,Fe;..Fe,0, nanoparticles. A decrease of the
specific absorption rate was noticed in the case of both frequencies
in the case of Zn substitution in the lattice. The small values of SAR
correspond to the small values of crystallite and particle dimensions,
as well as of the saturation magnetization and coercive force [38].

4.4, Comparative study of Mn,Fe;Fe,O, and CoyFe;Fe,O,
nanoparticles used in hyperthermia

In this sub-chapter we proposed to accomplish a comparative
study of the Mn,Fe,, Fe,O,, Co.Fe,Fe,0, and Co,Fe;Fe,O,
ferrites (x= 0+1) with possible applications in magnetic
hyperthermia. The nanoparticle systems were synthesized using the
same synthesis method, i.e. co-precipitation method, while
maintaining the same synthesis parameters.

0.0 0.2 04 08 08 1.0

Figura 4.22 Variation of crystallite dimension in terms of the manganese
and cobalt quantities from the Mn,Fe; ,Fe,O, and Co,Fe; ,Fe,O, series
respectively

The XRD diffractograms revealed the formation of spinel
structure for all the series members, which confirms the introduction
of manganese and cobalt respectively into the crystalline lattice.
Figure 4.22 presents the variation of the crystallite dimension as
function of manganese and cobalt quantities in the case of Mn,Fe;.
«Fe,04 and CoyFe;4Fe 0, particles respectively. The experimental
data proved that the values of crystallite dimension are comparable,
ranging between 8.9 +18.2 nm and 9.1+ 15.7 nm respectively.
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Table 4.5. Saturation magnetization (M) and coercive field
(H.) of Mn,Fe; ,Fe,O4 and Co,Fe; Fe,O4 nanoparticles [24, 34]

X MnXFel_XFeZO4 COxFel-xFe204
M; (emu/qg) Ms (emu/g) Hc (Oe)
0 534 51.6 0.07
0.2 56.3 55.8 99.27
0.4 63.3 38.2 90.47
0.6 68.2 62.4 199.80
0.8 68.7 63.5 240.01
1 68.8 68.6 349.34

The saturation magnetization and coercive force of each

series member were determined from the magnetic measurements of
the manganese and cobalt powders. The values of saturation
magnetization and coercive force for each sample are given in Table
4.5. One can notice an increase of magnetization with the increasing
amount of manganese and cobalt introduced in the lattice. The
highest value of the saturation magnetization was registered for x=1
in the case of both series. The results obtained for the saturation
magnetization of the Mn,Fe;,Fe,O, and CoyFe;,Fe,04
nanoparticles are comparable. The lowest value of M; for x= 0.4 can
be accounted for by the diminution of the crystallite and particle
dimensions.
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Figure 4.24. Variation of the specific absorption rate (SAR) as
function of manganese and cobalt content (x) from the Mn,Fe,; ,Fe,O, and
Co,Fe,Fe,0, series respectively at the frequencies of 400 kHz at magnetic
field powers of (a) 0.55 kW and (e) 3.58 kW.
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Figure 4.25. Variation of the specific absorption rate (SAR) as
function of manganese and cobalt content (x) from the Mn,Fe,;_,Fe,O, and
Co,Fe; . Fe,0, series respectively at the frequencies of 1950 kHz at
magnetic field powers of (a) 0.55 kW and (e) 3.58 kW.

The variation of the specific absorption rate (SAR) as
function of manganese and cobalt content (x) from the Mn,Fe;.
«Fe,0, and CoyFe;Fe,O, series respectively at the frequencies of
400 kHz and 1950 kHz and at different powers of the applied
magnetic field are presented in Figures 4.24 and 4.25 respectively.
The two nanoparticles series present increases of the specific
absorption rate with the increase of the applied magnetic field. One
can notice that the results obtained for the cobalt ferrite are higher
than those for the manganese ferrite at the frequency of 400 kHz and
lower at the frequency of 1950 kHz.

From the above presentation, one can remark that the
values of the specific absorption rate depend on the particles
structural and magnetic properties, as well as on the applied
magnetic field frequency and intensity.

Conclusions

e An increase of SAR with the increase of the level of
manganese and cobalt substitution was noticed.
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e At the frequency of 400 kHz for the manganese series the
obtained values were much lower than at high frequency,
the maximum values being determined for MnggFeq ,Fe,0,.

e The specific absorption rate determined for Co,Fe;.«Fe,O,
series had its maximum value at the frequency of 400 kHz,
this varying when the magnetic field power changes. The
highest SAR value (202.2 W/g) was registered for CoFe,0O,4
at a field power of 3.58 kW at the frequency of 400 kHz.

e The experimental data revealed a straightforward
proportionality between the values of specific absorption
rate and the crystallite dimension, the average particle
dimension and the saturation magnetization.

GENERAL CONCLUSIONS

The experimental results presented and detailed in this
dissertation bring their contributions to the study of magnetic
nanoparticles of manganese and cobalt ferrites, obtained through the
method of chemical precipitation. We investigated the influence of
iron substitution with manganese and cobalt on the structural,
morphological and magnetic properties of the magnetic manganese
and cobalt nanoparticles. Still another important point was
represented by the determination of the specific absorption rate
(SAR) by means of the calorimetric method and the influence of
structural and magnetic properties on its values.

With these objectives in view, magnetic nanoparticles of
Mn,Fe,;.,Fe,O, and Co,Fe;_.Fe,O, were obtained for various values
of x using the method of chemical co-precipitation. The X-rays
diffractograms demonstrated the formation of spinel structure, and
the obtained calculated crystalline dimension was in the nanometer
range. The crystalline dimension increased with the increase of the
level of iron substitution by manganese and cobalt respectively,
maximum values being obtained for x= 1. From the TEM images of
the powders of manganese ferrite series we could notice groups of
nanoparticles of various shapes (polyhedral or almost spherical). In
the case of cobalt nanoparticles, the obtained shape was cubical.

From the analysis of the FTIR spectra of the magnetic
ferrofluid samples one could notice the existence of peaks
corresponding to the spinel structure, the presence of water traces
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from the sample, and the formation of ions specific to the molecules
of stabilizer at the particle surface.

Due to the small dimensions of crystallites and particles,
the ferrite nanoparticles from the Mn,Fe; Fe,O, series have a
superparamagnetic behavior. The highest value of the saturation
magnetization was obtained in the case of MnFe,04, while the
smallest was obtained for magnetite (Fe3O,4). From the analysis of
the hysteresis loop of the CoyFe;Fe,O, ferrites, one could notice
the consolidation of the ferrimagnetic behavior with the increase of
cobalt quantity introduced into the lattice. The sample saturation
magnetization and coercive force increase with increasing level of
iron substitution by cobalt. The maximum values were obtained for
the highest cobalt amount (x=1).

We determined the temperature variation with time for
manganese and cobalt ferrites using a calorimetric method. In this
study the specific absorption rates of the manganese particles
determined at high frequency (1950 kHz) are reported for the first
time. What concerns the Co,Fe;.Fe,O, ferrite, this is the first time
that the specific absorption rates have been determined at the
frequencies of 400 and 1950 kHz. The study highlights the
importance of different factors, such as the chemical composition,
the cation distribution, the average crystallite and particle
dimensions, as well as the intensity and frequency of the applied
magnetic field on the SAR values. The experimental data confirmed
that the manganese ferrite presented the maximum SAR values at
the frequency of 1950 kHz, while for the cobalt ferrite the maximum
values were obtained at 400 kHz.
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