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In the present studies the phase structure and magnetic ordering of magnetite nanoparticles were investigated.
The powder samples were obtained by co-precipitation from Fe(III) and Fe(II) salts. SiO2 coating was performed
using the modified Stéber process. X-ray diffraction studies revealed presence of the only one FesOy4 crystalline
phase both for the non-coated and SiOz-coated samples. The Méssbauer studies have shown differences in shapes of
measured spectral lines for FesO4 particles subjected to the Stober process and non-coated particles. The heating
efficiency was measured for glycerol dispersed nanoparticles. The analysis have shown changes in specific loss power
depending on the concentration of the nanoparticles and amplitude of alternating magnetic field.
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1. Introduction

Almost all cells in the human body may degenerate
and create a cancer. The tumor consist of a number of
cells that grow in an unrestrained way, thus they become
deformed and their metabolism is different than in nor-
mal tissue. The cause of degradation of genetic material
can originate in a variety of factors such as carcinogens,
or viruses [1]. Up to now it is impossible to consider
modern cancer treatments without adjuvant therapies.
The mechanism of those cancer treatments mainly con-
sists of stimulation of the immune system in order to
inhibit growth of deformed cells and improve the im-
munity. One of such adjuvant therapies is the hyper-
thermia [2]. It is a sort of tumor treatment, in which
body tissue is exposed to the elevated temperature. In
general, the cancer cells are more sensitive to the high
temperature than the healthy ones. There are few vari-
ants of hyperthermia which can be divided into the ac-
tive and passive treatments [3]. The active hyperther-
mia is focused on application of chemical substances in
order to induce a fever, while the passive hyperthermia
consists of using the physical methods to deliver a heat
into the body. The magnetic variant of hyperthermia
deals with the ability of the magnetic nanoparticles to
be heated when the RF alternating magnetic field is ap-
plied. However, there are safety limits concerning both
applied magnetic field and frequency range. So that am-
plitude of the magnetic field H should not be higher than
15 kA /m, while the frequency has to be in the range
0.05 MHz < f < 1.5 MHz [4].

Numerous reports on ferromagnetic elemental and in-
termetallic nanoparticles used for the hyperthermia stud-
ies or other medical applications were published until
now [5-7]. Interesting investigations were presented in [5]
for composites containing Ni nanocrystallites entrapped
in a carbon matrix, produced by frontal polymerization
of a Ni acrylamide nitrate complex, followed by its pyrol-
ysis. For this material the particle size was controlled by
the temperature of pyrolysis, thus leading to the super-

paramagnetic or ferromagnetic ordering of Ni nanoparti-
cles. For the superparamagnetic Ni nanoparticles a heat-
ing mechanism was proven to be associated with the Néel
relaxation. However, it was shown that ferromagnetic or-
dering leads to the most effective heating process. This
is a similar result to those obtained for iron-oxide ag-
gregates of nanoparticles [8, 9]. It was shown that the
superparamagnetic iron-oxide (SPM) particles were ag-
gregated due to interparticle magnetic interaction that
led to an effective magnetic moment and ferromagnetic-
like behavior with non-zero hysteresis. This resulted in
generation of substantial heat when exposed to AMF [8].

A commonly accepted magnetic solute used as a drug
delivery carrier or in magnetic particle imaging (MPI)
by the relevant medical institutions in many countries
are magnetite (FeFe;O4) nanoparticles. Therefore this
material is considered as a good candidate for application
in the hyperthermia treatment.

In the present work the phase structure and magnetic
ordering of the iron-oxide nanoparticles obtained by co-
precipitation method were studied. Furthermore, based
on behavior of glycerol solution of iron-oxide nanoparti-
cles in RF magnetic field, the possibility of their use for
hyperthermia treatment has been assessed.

2. Samples preparation
and experimental method

The iron-oxide nanoparticles were produced by the co-
precipitation method, using the solution of FeCls-6H>O
and FeSO,-7TH,O salts as precursors of Fe3T and Fe?*t
ions with their molar ratio Fe?*:Fe3* = 0.67. The pro-
cess was carried out under the No atmosphere at 60 °C.
Ammonium hydroxide solution was added dropwise un-
der vigorous stirring. The pH during process has changed
from 12 to ~ 8. The iron-oxide powder was separated by
the permanent magnet and washed several times in dis-
tilled water to reach natural pH. Subsequently the pow-
der was air dried for 24 h at 50°C. Core-shell structure
was obtained using the modified Stéber process [10, 11].
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In the reaction 30 mg of iron-oxide nanoparticles were
dispersed in 100 ml of 2-propanol, 12 ml of distilled wa-
ter and 15 ml of 25% ammonia solution and sonicated
for 1 h. Subsequently, 3.2 ml of tetraethyl orthosilicate
(TEOS) was added and sonicated for another 6 h. The
powder was filtered, washed with 2-propanol and dried
at 20°C for 24 h. The phase structure of the powder
was determined using Bruker D8 Advance X-ray diffrac-
tometer in the Bragg—Brentano configuration. Measure-
ments were performed using Cu K, radiation (linear fo-
cus 24 mm and primary divergence slit 0.6 mm) and
LynxEye detector (Ni filter of K was located on de-
tector side) in the range of 26 from 20 to 100 deg in the
steps of 0.02 deg. The XRD patterns were analysed us-
ing DIFFRAC.SUITE TOPAS 4.2 software. NIST LaBg
standard sample was measured to calculate the emission
profile using the Thompson—Cox—Hastings pseudo-Voigt
(TCHZ) peak type function. The Méssbauer studies were
carried out in transmission mode using °”Co source in
Rh matrix of the activity 50 mCi. The analysis of spec-
tra was performed using Normos software. For the time
dependence of temperature characteristics the magnetite
nanoparticles were dispersed in glycerol and sonicated for
5 min [12, 13).

Fig. 1. Schematic diagram of the setup for measure-
ment of the heating efficiency of the magnetite nanopar-
ticles dispersion.

In order to assess the heating efficiency of the mag-
netite nanoparticles dispersion and specific loss power
(SLP), the self-constructed setup was used.  The
schematic diagram of the design was presented in Fig. 1.
The measured sample is placed in the thermally isolated
container at the center of the water cooled induction
coil. The alternating magnetic field generator (AMF)
was working at constant frequency of 100 kHz. The mag-
netic field was measured indirectly by the Rogowski coil
while the temperature using T-type micro-thermocouple.

3. Results and discussion

In Fig. 2 the X-ray diffraction patterns measured for
synthesized powders were presented. The phase analysis
has proven a presence of the only one Fe3O,4 crystalline
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phase (of the inverse spinel type; the space group: Fd-
3m) for both non-coated and silica-coated samples. In
order to determine the unit cell parameters and crystal-
lite sizes, the Rietveld refinement has been used. Taking
into account the instrument contribution to the diffrac-
tion line broadening, the external standard method for
calibration of the X-ray diffractometer with NIST LaBg
of 660 series sample was used.
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Fig. 2. The measured (black line) and calculated (red
line) XRD patterns for the non-coated (a) and SiOs
coated (b) nanoparticles of the Fe3O4 obtained by the
co-precipitation process.

Results of the Rietveld refinement performed for the
iron-oxide powder samples are collected in Table I. Simi-
lar values of the unit cell parameter for both non-coated
and SiOs-coated FezO,4 particles were estimated. De-
termined unit cell parameter a of 8.35 A is larger than
initial value used in calculations (8.32 A), which might
be caused by non-stoichiometric composition of the sam-
ple and distribution of sizes of precipitating magnetite
nanoparticles. The average crystallite size was deter-
mined using whole powder pattern method. The average
crystallite size of 10 nm calculated for non-coated Fe3Oy,
particles was slightly lower than this for the SiOs-coated
magnetite (of 15 nm). This difference for coated nanopar-
ticles might be due to the fluctuation in the lattice spac-
ing by the layers of SiO5 on the surface of Fe3O4 nanopar-
ticles. For the silica coated nanoparticles the charac-
teristic peak for SiO is overlapped by the (200) reflex
corresponding to the magnetite. Even though the XRD
studies have not revealed clear diffraction peaks coming
from silica coating, evident change of the diffraction pat-
tern was shown. This may suggest that the SiOy coating
is not very thick and/or forms amorphous layer [14].

Thus in order to confirm a presence of the SiOy coat-
ing layer on the surface of the magnetite nanoparticles,
the additional Mdssbauer specra (MS) analysis was per-
formed. Furthermore, MS is a method that allows to de-
termine the magnetic ordering in the studied material as
it reflects its hyperfine interatomic interactions. This is
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TABLE I

Refined/calculated parameters Volume weighted coher-
ently diffracting domain sizes (Lyo); criteria of fit:
Reap — R-expected, R,, — R-weighted pattern and
gof — goodness of fit for Rietveld refinement of XRD

patterns.
Reap | Ruwp | gof a [A] Lyor [nm)]
starting values 8.32
Fe304 0.789]0.862|1.092|8.3604+0.001| 10.8
Fe304@SiO2 0.859(1.0411.212(8.354+0.002 15.8

complementary technique to the magnetization vs. tem-
perature measurements in zero-field cooling (ZFC) and
field cooling (FC) mode. However, the second technique
is not conclusive for the Fe3O,4 nanoparticles, as the in-
crease of magnetization for ZFC curve attributed to the
blocking temperature of superparamagnetic particles at
low temperatures is concealed by the Verwey transition
around 130 K [15]. This transition involves both crystal-
lographic and electronic rearrangement of the magnetite
phase.

The transmission Méssbauer spectra measured for non-
coated and silica coated samples are shown in Fig. 3. In
the inverse spinel type structure of the magnetite, two
crystallographically nonequivalent positions of Fe ions
are present. In such structure half of the Fe?t ions oc-
cupy 8 tetrahedral sites while both remaining Fe?* and
all Fe?*t ions occupy 16 octahedral positions. Therefore
in the Mossbauer spectra analysis of bulk samples a pres-
ence of Fe3O4 phase is represented by two sextet lines cor-
responding to octahedral and tetrahedral positions of the
Fe ions. In case of investigated particles, taking into ac-
count only two component sextets in the spectra analysis
did not led to the convergence of the fit.

However, as was shown in [13, 16] for the nanocrys-
talline Fe3O4 phase large surface area and its distortion
as well as deviations from stoichiometry led to the addi-
tional sextet lines that have to be incorporated into the
analysis. Therefore, to obtain a good fit of the exper-
imental lines, four sextet components were used in the
analysis. Broadening of the component lines is related
to the thermal agitation. Furthermore, in the analysis of
Maossbauer spectrum measured for non-coated specimen
it was necessary to add additional doublet line to get best
fit. The reason for presence of such additional doublet
line is due to distribution of sizes of magnetite nanoparti-
cles precipitating in the co-precipitation process. Taking
into account the average crystallite size determined us-
ing the Rietveld refinement, there is a significant part of
those nanoparticles small enough to exhibit superpara-
magnetic behavior. Considerable difference between the
Mossbauer spectra measured for non-coated and silica-
coated samples was encountered. In case of SiOs-coated
magnetite nanoparticles, apart from four sextets, addi-
tional singlet line was used for the fitting. A presence of
this line can be attributed to interactions of surface Fe
ions of the magnetite nanoparticles with the surrounding
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Fig. 3. Room temperature transmission Mdssbauer
spectra measured for non-coated (a) and silica-coated
(b) nanoparticles of magnetite.

silica-coating atoms. Hyperfine fitting parameters calcu-
lated for both samples are collected in Table II.

TABLE II

Hyperfine fitting parameters of room temperature trans-
mission Mossbauer spectra measured for magnetite
nanoparticles. Hyperfine field Bpy [T], Isomer shift
IS [mm/s|, quadrupole splitting QS [mm/s|, and line
area A [%].

By IS QS A
sextet #1 | 48.12 | 0.3 | 0.001 | 21.3
sextet #2 | 45.64 | 0.32 | 0.001 | 16.6
Fe3Oy4 sextet #3 | 42.51 | 0.33 | 0.001 | 17.0
sextet #4 | 37.85 | 0.36 | 0.001 | 42.0
doublet - 0.38 | 1.165 | 4.0
sextet #1 | 47.87 | 0.31 | 0.014 | 22.9
sextet #2 | 45.24 | 0.33 | 0.013 | 144
Fe304Q@8i02 | sextet #3 | 42.17 | 0.34 | 0.010 | 15.4
sextet #4 | 37.33 | 0.23 | 0.010 | 39.3
singlet - 0.21 - 8.0

The hysteresis loops measured for non-coated and
silica-coated magnetite nanoparticles are presented in
Fig. 4. For both samples non-zero coercive field and
remanence values were measured. Their similar shapes
indicate ferrimagnetic ordering originating from predom-
inant volume fraction of large ferrimagnetic nanoparti-
cles. The magnetization value measured at ~ 500 kA /m
for both samples is lower than this determined for bulk
magnetite particles [15], therefore a presence of super-
paramagnetic component of the synthesized Fe3O,4 can-
not be excluded.
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Fig. 4. Magnetic hysteresis loops measured for non-
coated and silica-coated FesO4 nanoparticles.
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Fig. 5. Heating rate for 2 wt.% (a) and 5 wt. % (b)

dispersion of Fe3O4 nanoparticles in glycerol for given
amplitude of alternating external magnetic field.

The measurements of heating rate were performed on
magnetite particles dispersed in glycerol for two differ-
ent contents of the nanoparticles in the solution (2 wt%
and 5 wt%). The results of measurements are presented
in Fig. 5. The heating efficiency increases systemati-
cally with the increase of the amplitude of magnetic field.
The specific loss power SLP was calculated using the for-
mula [17, 18]:
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dT
¢ 4. W
MFe30, dt
where mpe,0, — mass of the magnetite nanoparticles,
T — temperature, t — time, C' — heat capacity of the
solution, calculated as

C= zn:cimi, (2)
i=1

where ¢; — specific heat capacities for glycerol
(2.434 J/(g K)) and magnetite (0.62 J/(g K)), and m; —
mass of glycerol and magnetite nanoparticles, respec-
tively. SLP parameters calculated for the samples are
presented in Table III. Calculated heating rates as well

SLP =

TABLE III

Mean heating rates d7'/dt and SLP values of Fe3Oy4 dis-
persions (2 wt.% and 5 wt.%) in glycerol in AC magnetic
fields of 100kHz.

H [kA/m] | 4F [K/min] SLP [W/g]
2.8 5.5 11.0
2 wt.% 3.2 10.1 20.3
4.0 10.3 20.6
2.4 4.8 4.3
5 wt.% 2.8 10.0 9.4
3.6 12.0 10.8
4.0 12.6 11.3

as SLP values for 2 wt% dispersion of magnetite nanopar-
ticles are somewhat larger than those for the 5 wt% sam-
ple. This can be related to higher aggregation of Fe304
nanoparticles in 5 wt% dispersion. It is rather difficult
to compare both heating rate and SLP with those re-
ported by other authors, as it depends on the frequency
and amplitude of external magnetic field. However, the
SLP values are similar to those for maghemite nanopar-
ticles measured at similar conditions [12]. To a certain
extent these results are also consistent with SLP values
measured for iron-oxide nanoparticles of similar diameter
reported in [19], though they were carried out at different
conditions.

4. Conclusions

Current studies were focused on determining the struc-
tural parameters of iron-oxide nanoparticles using the X-
ray diffractometry and the Mossbauer spectroscopy. It
was shown that the co-precipitation process allows to ob-
tain the single phase magnetite nanoparticles. To deter-
mine the unit cell parameters of the crystalline phase,
the Rietveld refinement method was used. It was shown
that the calculated lattice constant for both non-coated
and silica-coated magnetite nanoparticles is higher than
the starting value used in the calculations. This can
be attributed to the disordered surface of nanoparticles
and divergence from the stoichiometry as well as to the
distribution of the nanoparticle sizes formed during co-
precipitation. The full powder patter analysis has shown
that magnetite non-coated and silica-coated particles had
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the average crystallite sizes of the order of 15 nm. The
Méssbauer studies have revealed differences in hyper-
fine structure of non-coated and SiOs-coated iron-oxide
nanoparticles. This can be attributed to the interac-
tions of the surface Fe ions of Fe3O4 nanoparticles with
the silica-coating. Furthermore, the Mdssbauer spectra
analysis and measurements of hysteresis loops indicated
a presence of minor fraction of the superparamagnetic
component of the synthesized nanoparticles. The time
dependences of temperature measured for the glycerol so-
lutions of the magnetite nanoparticles have shown their
strong dependences on the amplitude of external mag-
netic field.
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