Synthesis and studying induction heating of Mn,,Zn,Fe,0,4 (x=0-0.5)
magnetic nanoparticles for hyperthermia treatments.

Hussein. S.MY ¥ T. H. MUBARAK 2 ° S. M. ALI RIDHA ¢, J. AL-
ZANGANAWEE* 9,

! University of Diyala, College of Science, Department of Physics, Iraq.
? University of Diyala, College of Science, Department of Physics, Iraq.

3University of Kirkuk, College of Education for Pure Science, Department of
Physics, Iraqg.

* University of Diyala, College of Science, Department of Physics, Iraq.

2husseinga83@yahoo.com,’dean@sciences.uodiyala.edu.ig,°sabahyagmur@yahoo.com,
OIJasimmansoor13@qmail.com

Keywords: hyperthermia, Nanopatrticles, Superparamagnetic, ferrofluids,
specific heat.

Abstract

The current development confirms the need for magnetic nanoparticles to treat tumors to become
more secure in thermal therapy. Self-regulate magnetic nanoparticles of MnZnFe,O, may be proper
for thermal treatments. The structure and magnetic properties of the synthesis Mn;.xZnxFe,O,4 with
x=0-0.5 by step 0.1were studied. Nanoparticles of MnZnFe,O, were prepared by the co-
precipitation method and followed by heat treatment in an autoclave reactor. XRD results showed
that it had been difficult to prepared MnZn-ferrite directly by using the coprecipitation method.
FESEM images confirmed that the preparation method produced spherical nanoparticles with a
slight change in the particle size distribution, as well as the Particle size has shrunk after the heat
treatment. The average particle size has estimated to be about 20 nm. FTIR spectra of samples
showed two distinct absorption bands, the band at ~ 617(cm™) and the ~426 (cm™) to the tetrahedral
and octahedral site respectively were assigned. The absorption bands of the tetrahedral site slightly
shifted towards high frequency with increasing Zinc content. According to a magnetic
measurement, the study indicates the size of particles is sufficiently small to behave
superparamagnetically, the hysteresis loop curves perfectly matched it shows typical soft magnetic
materials. The heating ability of water-based colloidal dispersions studied under magnetic field
strength 6.5kA/m and the frequency 190 kHz. The results showed that when increasing Zn?*
concentration to 0.3 or more temperature of fluids was not raised. Depending on the increase in the
heating curve, the susceptibility, effective relaxation time and Néel relaxation time were
determined.

1. Introduction

Over the past two decades, scientific interest has focused on the employment and use of magnetic
nanoparticles in biomedical applications [1,2,3]. Nanosize magnetic oxides have attracted spacious
attention given its flowing applications that range from basic research to industrial applications.
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Spinel ferrite, MFe, O, (M=Mn, Co, Zn, Mg, etc.), is one of the most important magnetic oxides,
where oxygen has fcc close packing and M** andFe®* ions can occupy either tetrahedral(A) or
octahedral(B) interstitial sites [4]. However, the magnetic properties of nanoparticles strongly
depend on various factors such as the synthesis conditions, particle size, shape, and composition.
Therefore, the ability to manipulate the shape and size of nanomaterials is critical to determine their
magnetic properties and to fulfill scientific and technological needs. Accordingly, it is desirable to
develop strategies for the morphology-controlled synthesis of nanosized spinel ferrites [5].Magnetic
hyperthermia therapy has currently attracted substantial attention as a safe method for cancer
therapy. It can raise the temperature in tumors to 41- 46°C. thereby it could kill the tumor cells with
minimal damage to normal tissue. This method includes the introduction of ferromagnetic or
superparamagnetic nanoparticles into the tumor tissue, followed by irradiation using an alternating
current (AC) magnetic field [6]. Although the Fe3sO, MNPs commonly used for hyperthermia
applications, however, an increase in the concentration of ferrofluid within the cell may harm
normal cells, were the Curie temperature of Fe3O4, 858 K, is much higher than the suitable Curie
temperature (315-320 K) for the heat generation purposes [7,8]. Therefore, the need for other forms
of ferrofluids to be more appropriate for medical applications has been raised. The Perovskite
crystal structure of La;—SrkMnQO3z (LSMO) have low Curie temperature varied from 283 to 380 K
depending on the divalent ion substitution in the composition [9]. Hyperthermia temperature 42—
43(°C) has been achieved by using the perovskite structure of superparamagnetic Lag77Sro23Mn0O3
nanoparticles under magnetic fields of 293.3 and 335.3 Oe, and frequency of 267 kHz [10].The
change of zinc content controls the Curie temperature in the Mny..Zn, Fe,O,4 nanoparticles. It had
observed that an increase of zinc content for x = 0.5, 0.6, 0.8, and 1 caused a decrease in Curie
temperature from 320°C when x=0.5 to 240°C at x=1[11]. Thus, the regulation of heat dissipation in
hyperthermia treatment becomes possible [12].

The main goal of the research is synthesis Mn;.4Zny Fe,O4 where x=0-0.5 with a step of 0.1 by
using a co-precipitation method and influence of heat treatment by utilizing an autoclave reactor, as
well as it has studied the effect of zinc replacement on the structural, magnetic, and heating abilities
of fluid samples. However, the use of an alternating magnetic field for clinical applications has
faced restrictions because of the eddy currents induced in biological tissue. Experimentally, the
criterion value (f.H< 4.85 x 108A/m.s) was considered suitable for clinical applications [13]. In
actuality, this critical value has been taking into consideration in the research.

2. Materials and method
2.1. Raw Materials and chemicals

Ferric Chloride III (FeCls) 98%, Manganese (Il) chloride tetrahydrate (MnCl,.4H,0) 98%
AIPHA chemica, Zinc (Il) chloride anhydrous ZnCl,98%, Sodium Hydroxide (NaOH) 98%
ROMIL pure chemistry, Tetramethylammonium hydroxide (C4H13NO) Merck KGaA. All
chemicals were of analytical grade and used as received without further purification.

2.2. Synthesis of MnZnFe,;O,4 nanoparticles

MnZn-ferrite nanoparticles of the chemical composition Mny..ZnsFe,O4 (x =0, 0.1, 0.2, 0.3, 0.4
and 0.5) were prepared by a chemical co-precipitation method [14]. A stoichiometric amount of
FeCl;, MnCl,.4H,0, and ZnCl, dissolved in de-ionized water in separate beakers and then
transferred to another beaker with continuous stirring to get a homogeneous solution.



Also, 5g of sodium hydroxide was dissolved separately in 100ml de-ionized water. Then, it was
added drop-wise into the metal salt solution at room temperature 27-30°C even pH reaches 12.5 to
make sure precipitate all of the metal ions in the solution. Later the solution has heated at 90°C for
one hour with continuous stirring after that turns off and left to cool at room temperature.

Magnetic nanoparticles have been separated and collected via the use of the magnetic
decantation method. Then it washed several times with de-ionized water to remove undesirable
residual of salts. A small amount of obtained product has dried at 60°C to study phase composition
by XRD analysis, morphology, and size through using FESEM images. In the sodium hydroxide
solution with a pH of 13, the rest of the wet product has re-dispersed by stirring the mixture for one
hour to be ready for the next step.

To avoid coalescence of adjacent particles mostly happens in the sintering process at high
temperature, where the particles in contact with each other. So the second step of preparation was
the heat treatment is conducted by the hydrothermal method. The colloidal solution has transferred
to the Teflon lined autoclave reactor of 200 ml capacity. The autoclave is sealed and placed in a
furnace at 220°C for 8 hours, then allowed to cool down to room temperature naturally. Then, the
colloidal solution will be filtered and washed several times with de-ionized water until neutralized
the PH of the discharged solution. Magnetic nanoparticles in the filter paper dried at 60°C.

2.3 Synthesis of ferrofluid

Water-based colloidal nanoparticles had synthesized via the dispersion of 0.5g of Mn;.xZnsFe,O,
nanoparticles in a solution consisting of 8ml distilled water and 2ml of Tetramethylammonium
hydroxide (TMAOH) had used as a surfactant. The hydroxide group adsorbed the surface of the
nanoparticles, while the [N(CHs),]" cations provide electrostatic repulsion between nanoparticles
[15]. The stabilized colloidal solutions had been obtained throughout the sonication of fluid for 6
hours at a separate period. The generated heat from magnetic nanoparticles in the ferrofluids
measured in terms of the specific absorption rate (SAR).

3- Results and Discussion
Structural Characterization of MnzZn-ferrite nanoparticles.
3-1 XRD analyzes

X-ray diffractionis a powerful non-destructive technique used to examine the chemical
composition and crystallographic structure of materials. The study of crystal structures and
characterization of phase contents for the samples have implemented by the use of an X-ray
diffractometer (XRD 6000, Shimadzu, Japan) operating at 40 kV and 30 mA with Cu K radiation (
1.5406 A), scan range: 10- 90 (deg) and scan speed: 6 (deg/min). X-ray tests had conducted on the
two series of samples included that were prepared by the co-precipitation method and what have
acquired after heat treatment.

Identification of crystalline compounds and phases had been accomplished by comparing the X-
ray diffraction pattern of samples with JCPDS standard data. Fig.1 illustrates the XRD results of
samples had prepared via the co-precipitation method. Starting from x=0, it had noted the formation
of single-phase MnFe,O,4 and well-matched with the JCPDS card no-010-0319. As soon as 0.1of
zinc ions replaced with manganese ions in the synthesis had observed formation of another structure



in the composition include p-Fe;03, ZnMnOs, MnO,, ZnFe,04, and Q-Fe,0s. It seems that Mn**and
Zn** ions participate in formation another structure, this inevitably leads to the conclusion that a
significant single-phase of MnZn-ferrite couldn’t prepare directly by the co-precipitation route.
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Figure.1. XRD results of the synthesized Mn;.ZnyFe,O,4 nanoparticles and the phase composition
of prepared samples by co-precipitation method.



The result of samples which have heat-treated by a hydrothermal autoclave reactor had shown a
single-phase structure for Mn.xZnxFe,O4. Most peaks are well-matched with JCPDS standard data
of Mnzn-ferrite, as shown in Fig.2. It can conclude that Mn**and Zn?* ions are well-substituted in
the ferrite structure. Nevertheless, the phase analysis confirmed the presence of Mn3O, in the
composition. We are going to choose these samples to complete our study based on XRD results.
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Figure.2, XRD results of the synthesized Mn;.xZnxFe,O4 nanoparticles and the phase composition
of the samples that have thermally treated in an autoclave reactor.



Lattice constant (a) for the cubic system calculated by using the following equation:
aexp = dhkl h? + k? + 12 (1)

Where, dy, — inter planer distance, h, k, | — Miller indices. The X-ray density (px) IS dependent on
the molar mass of the synthesized compound and the lattice parameter (aeyp) calculated by using the
relation:

zM
NaoV

Px = (2)

Z- Is the number of molecules per formula unit (Z = 8 for spinel system), M is the molecular mass
of the sample, V=a3,,, is the unit cell volume of the cubic structure, Na- is the Avogadro’s number
equals 6.023x10% (atom/mole) [16]. The average crystallite size determined from the broadening
of the XRD pattern. According to Scherrer’s equation:

Dave = KA/B cos 6 3)

Where D is the average crystallite size, A is the X-ray wavelength, 0 is the Bragg angle, and B is the
finite size broadening and K is the shape factor (K =0.94) for spherical crystallites with cubic
symmetry [17].

Structural formula of MnFe,O4 is mixed spinel structure where the bivalent cations (Me”" =
Mn?*) are distributed on both tetrahedral and octahedral sites. Structural formula of such ferrites
is MeZ* Fe5+[Me§+Fe ]0 , Where & is the inversion degree = 0.2 for Manganese ferrite [18].
The zinc ferrite has a normal spinal structure and zinc ions occupying the tetrahedral site
preferentially, the observed magnetic moment of zinc ferrite has paramagnetic value [19]. Given
that the Zn*" ions occupy the A-sites preferentially, while the Fe** and Mn?* ions are distributed
among the A and B-sites. The distribution of cations and structural parameters is strongly dependent
on the synthesis method and annealing temperature [20]. The cation distribution of Mny_ZnFe,O4
represented as:(Zny, MnZ%_, Fe3t),[Mn3?% Fe3t]g03~, where A and B designate the tetrahedral
and octahedral sites respectively. Based on the proposed cation distribution of Mny.xZn,Fe;04, the
average cationic radius at A and B -sites have been calculated using the expressions given below:

ry = c(Zn3").r(Znit) + c(Fex?).r(Fe3t) + c(Mn5*). r(Mnit

[c(Fed").r(Fed") + c(Mn3t).r(Mn3")]

l\)lb—\

Where c is the ionic concentration at the tetrahedral and octahedral sites, r(A ) is the ionic radii
for substituted ions in A-site; r(Zni" = 0.6A), r(Fe3" = 0.494),r(Mn* = 0.66A) furthermore,

the ionic radii for the cations in B-site; r(Zn3* = 0.744), r(Fej* = 0.6454), r(Mn3* = 0.834)
were taken from Shanon [21].Using the ionic radii of A-site (ra) and B-site (rg); the theoretical
lattice constant (a), can be calculated by the relation:

am = 5 [(ra + Ro) + (V3(rs + Ry) | (4)

Where R, is the ionic radius of oxygen ion = 1.38A [22]. The theoretical lattice parameters have
summarized in Tablel.



The lattice parameter decreases with the increase of zinc content(x) and nearly amount to their
theoretical values, except at sample x = 0.5 as given in Tablel. The decreases in the lattice
parameter happened due to the replacement of zinc ions with manganese ions in the structure.
Whether the zinc ions substituted in the tetrahedral or octahedral sites it causes decreases in the
lattice parameter because of Zn®* ions has a smaller ionic radius than Mn?* ions. The increase of
lattice constant when x=0.5 is probably due to the replacement of Zn®* ions with Fe** ions in the
tetrahedral site, evidenced by the appearance of relatively high intensity in the peak reflection from
the plane (220) as noted in Fig.2. X-rays reflection of a plane (220) occurring as a result of the
reflection from the localized atoms at the tetrahedral sites in the spinel structure [23].

The theoretical density obtained from x-ray measurements increased by increasing zinc content in
the structure but differed for x=0.5 because the increase in the lattice constant caused the growth of
the crystal size leads to a decrease in density. Can be seen in Fig.2 the peaks broadening increased
gradually with an increase of zinc content in the structure as a result of crystallite size decrease, it
was calculated by Scherrer’s equation (Eq.3) as shown in Tablel.

The distance between the tetrahedral cation and anion known as tetrahedral bond length d,_q
and the distance between the octahedral cation and anion known as octahedral bond length dg.o ,
calculated by using the expressions were calculated by using the expressions [24]:

Tetra-O separation A-O da_o = aVv3 (u—0.25) (5a)

1

Octa-O separation B-O dg_o = a[3u? — 2.75u + g]i (5b)

Oxygen positional parameter (u) is the distance between an oxygen ion and a face of a cube. The
ideal FCC, parameter is u = 3/8 = 0.375 for an ideal close-packed arrangement of O atoms. The
anion parameter (u) calculated by using the expression:

(ra+Ro)
u= GFL ) (6)
For the unit-cell origin at A-site, where, ra = ionic radii of A-site, R, = 0.138 (nm) ionic radius of
oxygen ion and aey is the experimental lattice parameter [25]. The approximate value of the oxygen
positional parameter (u) has taken depending on theoretical value of ra.

In spinel structure, the packing of the ions within the lattice is perfect when oxygen parameter u
=0.375. However, anions in spinel structures usually are deviated from their ideal position.
Therefore, the parameter & represents the deviation from the typical value determined by the
relationd = u — 0.375. The results of the calculation of oxygen positional parameter, and inversion
parameter & for MnZn-ferrite are presented in Tablel. The value of ufor the studied samples
increases from 0.3865 to 0.387 in going from x = 0 to 0.2, then it will decrease to 0.385 at x=0.5,
the inversion parameter changes accordingly. It is obvious that u parameter increases with increases
Zn content may be due to the shift of the origin at the tetrahedral sites with replacement of Zn** ions
with Mn?* ions, then the deviation decreases when Zn®** ions been replaced with Fe** ions, it
demonstrated based on decreasing in the tetrahedral bond length.



The jump length or hopping length (L) is the distance between two magnetic ions such as Tetra-
tetra A-A (A), Octa-octa B-B [B], and Tetra-octa A-B. The hopping length had calculated by using
the following relations [26]:

La_a = (aexp‘/g)/4 (72)
Lg-p = (aexp\/i)/4 (7b)
La-g = (aexpm)/8 (7c)

Interionic distances between cations (A-A), (A-B), and (B-B) for the Mnj.Zn,Fe,O, ferrite
system decrease with an increase in the zinc content, it can be understood by the fact that an
element with higher ionic radius Mn?* is replaced by an ionic with lower ionic radius Zn**, but for
the sample x=0.5, Zn®>* my replaced by Fe** ions, so the hopping lengths increased.
The results of the calculation all preceding parameters were summarized in the Tablel:

Tablel: Crystallographic parameters for Mny.xZnyFe,O4 nanoparticles.

Lattice X-ray c?;//:t::?iie OXygen bond length(A) hopping length 1L

®) constant (A) density size parameters A)

a Aexp px(C%) Daye(Nm) u 8 dao | dso | La-a | Lg-g | La-s
0.0 | 8537 | 8.48 5.02 17.8 0.3865 | 0.0115 | 2.004 | 2.027 | 3.671 | 2.998 | 3.515
0.1 8.528 | 8.43 5.22 135 0.3869 | 0.0119 | 1.998 | 2.012 | 3.650 | 2.980 | 3.494
0.2 8.519 | 8.40 5.41 11.2 0.3870 0.012 1.993 | 2.004 | 3.637 | 2.9698 | 3.482
0.3 8.51 | 8.398 5.43 10.5 0.3866 | 0.0116 | 1.986 | 2.006 | 3.636 | 2.9691 | 3.481
04 8.50 8.38 5.47 9.3 0.3865 | 0.0115 | 1.981 | 2.003 | 3.628 | 2.962 | 3.474
0.5 8.49 8.44 5.30 7.8 0.3850 0.01 1.973 | 2.029 | 3.654 | 2.983 | 3.499

3.2-FE-SEM image analysis

Particle size and morphology of Mny.Zn,Fe,O, samples analyzed using FE-SEM techniques.
Fig.3 showed a series of FESEM images which had obtained by the co-precipitation method, and
Fig.4 showed a series of FESEM images after heat treatment by hydrothermal autoclave reactor.
From FE-SEM images in Fig.3 and Fig.4, it appears that the particles have a spherical shape.
Histograms of the particle size distributions carried out by image J software. It confirmed that there
is a slight change in the particle size distribution as illustrated in Fig.5, it demonstrates that the
particles somewhat are larger before the heat treatment and aggregated. It seems that particles
separated by the effect of high pressures and temperatures in the autoclave reactor. Aside from that,
the particle size has shrunk after heat treatment. The histograms of the particle size distributions for
samples clarify that it tends to be smaller in size after heat treatment. The average particle size is 20
nm.
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Figure.3. FE-SEM images of Mn;.Zn,Fe,O, nanoparticles that have been prepared by co-
precipitation method.
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Figure.4. FE-SEM images for Mn;.,ZnsFe,O, nanoparticles that have been thermally treated in
autoclave reactor.
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Figure.5.Histograms showing the particle size distributions of Mn;.,ZnxFe,O4 nanoparticles, where
the letter B- refers to the obtained nanoparticles by co-precipitation method and letter A- refer to
nanoparticles size distributions after heat treatment in an autoclave reactor.

3.3-FT-IR spectroscopy analysis

Fourier transform infrared spectroscopy (FTIR) is a powerful tool for identifying different types
of chemical bonds present in a molecule by producing an infrared absorption spectrum as a
molecular “fingerprint”. The wavelength of infrared absorbed is a characteristic of the chemical



bond. Molecular bonds vibrate at various frequencies depending on the type of bonds and elements
present [27].

IR spectra were recorded on a spectrophotometer (Shimadzu, IRAffinity-1) in the range 300 -
4000 cm™ by using KBr pellets. Structural investigation and cations redistribution between
octahedral and tetrahedral sites deduce by FTIR measurements. The absorption bands within the
range of 300 to 700 cm™ attributed to fundamental vibrations of the ions of the crystal lattice [28].
IR spectrum measurements of the Mn;x ZnsFe,O4 showed in Fig.6a. It demonstrates absorption
bands lie within the region ~625 to ~350 cm-1 with existence splitting or shoulders in the
absorption bands.

Peak position for Fe-O bond among splitting bands designated as shown in the Fig.6b, based on
the ion radius in tetrahedral and octahedral sites. As well as, the wavenumber is inversely
proportional to the bond length. The ionic radius for situated cations at A-sites is smaller than B-site
will make the bond length in A-site is shorter than B-site. Therefore the bonds at A-sites vibrate
faster.

The peak position for Fe-O bond in the B-site specified among the splitting band in the
absorption bands depending on Waldron supposed i.e. v, /v, =~ +/2 [28]. The force constant for A-
sites are nearly equal to force constant for B-sites even as A- sites have four coordination number
while B-sites have six coordination number [29]. The force constant of the tetrahedral site (K+) and
octahedral site (Ko) determined by using the equation K= 4m?c2v?p [30]; can be rewritten as:

d _
K( j:f) = 58.98 X 107 * (Vp-1y)? * p(amu) (8)
Where p is the reduced mass and given by pu = —Elfrr:’ m, is the atomic mass of the cations
1 2

residing at the A-site or B-site, m; is the atomic mass of oxygen anion. The force constant and the
absorption bands it was listed in Table 2.

Table 2 :IR absorption bands and force constants of the Mn;_xZnyFe,O4 samples.

5 5
© | wmemd) | vem?y | Krx10 Kox 10 vil v
(dynes/cm) (dynes/cm)
0.0 590.21 430.21 2.555 1.357 1.37
0.1 592.14 426.268 2571 1.332 1.389
0.2 597.93 443.62 2.622 1.443 1.347
0.3 605.64 441.69 2.690 1.430 1.37
0.4 617.22 439.77 2.794 1.418 1.40
0.5 569 437.84 2.374 1.406 1.29

Since the vibrational frequency is proportional to the bond length, the bond lengths in A-site have
been listed in Tablel as a function of the zinc content could be built upon. When Zn content
increased in going from x=0 to 0.4, the wavenumber of the first band increased, it may be explained



depending on the ionic radius in A-site. When Zn content increased in going from x=0 to 0.4, the
wavenumber of the first band increased, it may be explained depending on the ionic radius in
A-site. The ionic radius of Mn?* (0.66A) replaced with Zn** (0.6A) caused a shortening of the bond
length, so the wave number increased. When increased x to 0.5, the wavenumber decreases may be
due to the replacement of Fe ions in A-site with zinc ions lead to increase in the reduced mass,

hence the wavenumber decreases( v; « % ). The reduced mass (u) for the bonds Zn-O, Fe-O and
Mn-O equal to 12.85, 12.43 and 12.39 (amu) respectively.
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Figure.6a, FTIR spectra illustrate the absorption bands of Mn;.,ZnxFe,O,4 nanoparticle.
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Figure.6b, identifying and analyzing the characteristics of the absorbance band for Mn;.xZnyFe,O4
nanoparticles.



4-Magnetic Properties

Hysteresis Loop measurements were determined using a vibrating sample magnetometer (VSM)
at room temperature (300 K). Hysteresis loop curves for Mn;.xZnsFe,O,4 serious had shown
in Fig.7a, “S” shaped curves that reveal typical soft magnetic material and magnetic coercivity
almost neglected. Moreover, particles are so small to behave like superparamagnetic material,
where the magnetic moments within the nanoparticle tend to align with each other in a particular
direction. It is called easy axes above blocking temperature [31,32].

According to Neel’s theory, the total magnetic moment depends on the cations distribution
among A and B sites in spinel ferrite [33]. The values of saturation magnetization (Ms), magnetic
coercivity (Hc) and remnant magnetization (Mr) had determined from hysteresis loop curves. The
magnetic moment per formula unit in Bohr magneton (ug) obtained from the following equation
[34]:

emu

M.Wt(ﬁ)xMS(T)
ng(pg/atom) = ey ©)

Magneto-crystalline anisotropy constant (K;) evaluated using the law of approach to saturation
(LAS) that derived from hysteresis loop at high magnetic field strengths i.e. H >> H in particular,
at high magnetic fields corresponding to the saturation magnetization (M) is given by the relation:
b

Anisotropic constant K for isotropic cubic is calculated by the equation:

105D
Ky =M |—— (11)
Parameter b originates from the magneto-crystalline anisotropy. It can be obtained from the Eq.10
by a plot of M versus1/H?at high magnetic field strengths 3.6- 8(KOe), curve fitting yield a straight
line as shown in Fig.7b, intercept of the straight line represents the value of Ms and the slope

= Ms.b [35 ,36 ,37].

Effect of chemical composition on magnetic behavior has been provided both by M-H curves and
their derivative curves. The variance of the saturation magnetization (Ms) values for samples had
obtained from hysteresis loops curves were presented in Table 3. The Ms value decreased from
11.85(emu/g) for x=0 to 5.43 (emu/g), as 0.1 of Zn®" ions is replaced with Mn?* ions in the
structure, then it diminish to 0.77(emu/g) at x=0.2, as well equals 1.08(emu/g),when
x=0.4.Experimentally observed variation of magnetic moment with zinc content increases, the
relative number of ferric or manganese ions on the A-site diminish. This causes a reduction in the
A-B interaction. The ionic moments on the B-sites are no longer held parallel to one another and
angles between them begin to form, reducing the moment of the B sub lattice itself [19].

However, there is an increase in Ms value at x=0.3and 0.5. It is probably due to the replacement
of zinc ions with cations in the B-sites. The observed values of the coercive field (Hc) and remnant
magnetization (Mr) are so small, as illustrated in fig.7a, which indicates that the particle size does
not exceed the critical diameter of single-domain particles. The net magnetic moments and



magnetocrystalline anisotropy are greatly affected by cation distribution. Magnetic parameters have
listed in table 3.
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Figure.7a: Magnetization versus applied magnetic field of Mn;.xZnxFe,O,4 nanoparticles at 300K.
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Figure.7b: Magnetization as a function of 1/H? of MnyZn.Fe,O, nanoparticles. The solid lines
indicate a linear relation between the magnetization and 1/H? in the field region 3.6-8 kOe.



Table-3: Variation of magnetic parameters for Mny..ZnsFe,O4 nanoparticles as a function of the
zinc content.

(x) Ms(emu/g) | Mr(emu/g) | Hc(Oe) Ki(KJ/m®) | ng g, unit cell)
0.0 11.85 0.078 3 18.8 3.91

0.1 5.43 0.04 2.9 9.97 1.8

0.2 0.77 0.005 2.6 1.44 0.25

0.3 7.76 0.06 2.68 14.6 2.6

0.4 1.08 0.008 2.35 1.76 0.36

0.5 52.82 0.35 2.5 97.2 17.84

5-Heat Generation Measurement

Utilize of magnetic nanoparticle in the form of ferrofluids as heat mediators for medical
treatments defines Magnetic Fluid Hyperthermia (MFH) [38]. The heating mechanism performed
by applying an external alternate magnetic field with proper frequency(f) and amplitude(H), under
an alternate magnetic field, the MNPs continuously convert the electromagnetic energy into heat
energy [39]. The heat generated from superparamagnetic nanoparticle was described by Rosensweig
so-called linear response theory, which states the heat generated by the magnetic nanoparticles is
proportional to the imaginary part of magnetic susceptibility ( x"). The power dissipation(P)
expressed in the following formula:

P = mp.fH%x" (12)

Magnetic susceptibility y is the magnetization M to the field H when subjected to alternating
magnetic field has been described by the Debye model:

X= THentn X +ix" (13)
Where x' is the real part of magnetic susceptibility, magnetic moments fluctuates in the phase with
the alternating magnetic field, while x'’ - phase delay converted into heat energy. The real x'and
imaginary part of magnetic susceptibility x''given by the relations:

M2V

(14b), xo =L (14c)

X 2mft
“1+ (2mfr)?

x' = (14a), x" =

- 1+(27tfr)?

Where x. is the initial susceptibility in low-field limit [40,41], and M; is the saturation
magnetization of superparamagnetic NPs equalsqoM3, where ¢ is the volume fraction, My the
domain magnetization of a suspended particle almost equal to saturation magnetization of the bulk
[42]. K is the Boltzmann constant equals1.38 x 10 2J/K, and T the absolute temperature (K) and V
is the particle volume.



The relaxation time constant(t) of superparamagnetic NPs involves two different thermal
relaxation mechanisms; Brownian relaxation(tg) in which the nanoparticles rotate and cause
heating due to shear stresses between particle and surrounding fluid and given by equation [43]:

3nV
g = (15)

Where 1 is the dynamic viscosity of water at 40°C equals 6.52x 10~* kg / (m-s) [44].Vy = gd?’ is
the hydrodynamic particle volume of a spherical particle with the diameter d it estimated from

FESEM images equals 20nm. kg is Boltzmann's constant, T is the absolute temperature equals
313K, had considered compatible with hyperthermia.

Ne’el relaxation(ty) in which the magnetic moment rotates with respect to the crystal. Under
applied magnetic field Néel relaxation time given by the following expression:

(KVyM—HM cos 0)
— ym ’L KgT
W= TA( 2 )( KVyM—HM cos 6) € B (16)

Where t,4- is the attempt frequency generally taken to be 10 s, and Vy -is the magnetic volume, K-
is the anisotropy constant includes all contributions to the anisotropy, kgT -is the thermal energy,
where 6 is the angle between the magnetisation and the applied magnetic field [45].

The effective relaxation time (t) arises from the contributions of both relaxation times of two
mechanisms ty and tg given by the equation [40]:

_ TIB.IN (17)

- TB+TIN
5.1-Specific Absorption Rate (SAR)

Specific Absorption Rate (SAR) is a measure that indicates the power released by MNPs when
subject to an alternating magnetic field. The quantity represents the power per unit mass, expressed
in W/g, and can be obtained through the following equation:

P _ Zimi Ci AT

mpmNpg — MMNpg At

SAR =

(18)

Where m; and C; are mass and specific heat of the i-th specie composing the sample, muwes is the
total MNPs mass and AT is the temperature increase in the interval At during which the AC field is
on [46].

A measurement of the heating rate during applied of an alternating magnetic field yield a linear
function through the adiabatic process. However, the process is non-adiabatic due to heat losses to
the environment which increases by the temperature difference between the sample and the
surrounding. So the heating curve had measured by Box- Lucas equation:

T() = A(1 — e BY) (19)

Where A is the saturation temperature, B is a parameter related to the curvature of the heating
curve. The product of the fitting parameters AXB is equivalent to the initial heating rate i.e. AA—Z . The
SAR had calculated from the corrected heating curve [47].



5.2- Specific Heat of Nanofluids

The specific heat is one of the prominent properties and plays a significant role in influencing the
heat transfer rate of nanofluids. Specific heat of nanofluids C, s can be described by the following
expression:

(pCp)n+(1-@)(pCp)s
Copp =2 20
pnf @pn+(1-@)pr (20)

Assuming that the base fluid and the nanoparticles are in thermal equilibrium, where p is the
density, Cp is a specific heat and the subscript n,f - refers to the nanoparticle and fluid
respectively[48]. The specific heat of water = 4.186 J/g.°C , also the nanoparticle volume fraction ¢
defined as follows:

¢ = myp/pPn (21)

mn/pn+mH20/pH20

Were mj - nanoparticle mass, p, — density, my,o- water mass, py,o- density of water (1 glem®)
[49,50].

Heating ability of 50 (mg/ml) water-based ferrofluids for Mn;.xZnxFe,O4 samples had achieved
under magnetic field strength 6.5kA/m and frequency 190 kHz. The heating curves had represented
in Fig.8. From the observed heating rate, it was noted the temperature increased in the samples x=
0, 0.1, and 0.2, but it not changed in the x=0.3, 0.4and 0.5, that's because of zinc addition causes
decreases in the Curie temperature where the magnitude of the crystal anisotropy generally
decreases with temperature more rapidly than the magnetization and vanishes at the Curie point
[24]. The heat released from the superparamagnetic nanoparticles occurs by two different relaxation
mechanisms, which are Néel relaxation time and Brownian relaxation time [40]. The heat produced
by the Brownian mechanism is not sufficient to raise the fluid temperature. It had confirmed by the
temperature stability of samples x=0.3, 0.4 and 0.5 as shown in Fig.8. The major role in the heating
mechanism is achieved by Néel relaxation.
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Figure.8: Heating curves water-based colloidal dispersions of the Mn;.xZnyFe,O, samples under a
magnetic field of 6.5 kA/m and frequency 190 kHz.



5.3- The effective relaxation time and Néel relaxation time calculations.

An innovative mathematical approach had applied to calculate effective relaxation time and Neel
relaxation time. Expresses on the power dissipation of a ferrofluid by the mathematical formula:

AT

p= CP.nfE (22)

Where Cp ,¢(J/K) is the heat capacity of nanofluids. % (K/s) represents corrected heating rate by
Box- Lucas equation.

E_ (Eq.12).By

Imaginary part of susceptibility is measure of power dissipation i.e. x” = e

rewriting Eq.14b as following:

x" 2mft Xo : .
= Tramio? let = = cand y = 2nfr this leads to:

y2—cy+1=0 (23)
Solving the equation by using the quadratic formula resulted in:

y=:(c-VcZ—4) (24)

Where ¢ = X = Mg MSVAH® (25)

X 3KTp

From the given c-value which can be obtained from experimental results; y — have been solved
and hence effective relaxation time (t) were obtained, therefor tycan be calculated from Eq.17.

SAR, x., x',x", T,Tyand tg had calculated under magnetic field strength 6.5kA/m and the
frequency 190kHz. As well as Cp ,¢. The results are outlined in the following table:

Table 4: SAR values and superparamagnetic properties of ferrofluid samples x=0, 0.1and 0.2, which
had generated heat under the alternating magnetic field H=6.5 kA/m and =190 kHz.

AT I n

samples () | SAR | Cpnf | — s Xe X X T(s) TN(S) TB ()
(Wlg) | (J/g.K)

3 =7 6 5 6

0.0 8.316 | 4.0402 | 0.098 0.0142 2.834X10 1.31X10 1.6753X10 1.437X10 1.896X10
-3 7 -8 6 5 6

0.1 5775 | 4.053 | 0.068 3.003X10 6.185X10 9.13X10 1.6753%X10 1.437X10 1.896%X10
-5 -5 =7 6 -5 6

0.2 756 | 4052 | 0.089 6.45X10 1.288X10 119%10 1.676X10 1.45X10 1.896%X10

Standard sapphire method was used to calculate the specific heat capacity (Cp) of Mny.ZnsFe,04
nanoparticles. From the obtained data; heat flow through samples and reference (sapphire) which
had measured by using differential scanning calorimetry (DSC Q600), Cp were determined
[51]. Fig.8 shows specific heat versus temperature.
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Figure.8: specific heat capacity as a function of temperature.
6. Conclusions

Synthesizes of Mny.xZn,Fe,O, nanoparticles were prepared by the coprecipitation method and
followed by heat treatment by using an autoclave reactor. X-ray analysis showed that the presence
undesired other structure in the composition before heat treatment. FESEM images confirmed the
formation of the spherical shape nanostructure with the average particle size of about 20nm, and
there is a slight change in the size of particles after heat treatment by the hydrothermal autoclave
reactor. Hysteresis Loop curves manifest superparamagnetic behavior for prepared samples at room
temperature. The heating ability of superparamagnetic nanoparticles had fulfilled by using an
induction heater at a safe range for biomedical applications. The results showed that no heat
released from the nanoparticles when the zinc content increased to 0.3 or more. As well as an
unusual approach had utilized to calculate effective relaxation time (t) and Néel relaxation time

(Tn)-
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