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ABSTRACT

The aim of this work is to synthesize iron oxide nanoparticles (IONPs) by a mechanochemical
process using a high-energy planetary ball mill, with two types of vials and balls (stainless-
steel and zirconia) and two reactive mixtures. This preparative route is simple, scalable and
environmentally friendly. The influence of milling materials on the structural and magnetic
properties of the obtained IONPs was studied. Composition, crystalline structure, morphology
and magnetic properties of the IONPs were analyzed by XRD, Raman spectroscopy, SEM,
TEM and VSM techniques. An iron oxide with spinel structure, compatible with magnetite
(Fe304) or maghemite (y-Fe203), was formed in the prepared samples, when using FeCls or
FeCls/Fe with stainless steel vials, or FeCls/Fe with zirconia vials. The results indicate that
the formation of spinel magnetic phases is strongly influenced by the presence of metallic Fe
in the starting mixture as well as the nature of the container, which can (or cannot) supply Fe
during the milling. The obtained results are presented with a perspective oriented to the
biomedical application of the IONPs, considering mean particle sizes, magnetic properties,
and chemical stability in simulated body fluids.
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INTRODUCTION

In the last decades, magnetic iron oxide
nanoparticles (IONPs) have attracted much
attention in biomedical fields such as
magnetic resonance imaging, drug delivery,
and immobilization of enzymes and proteins
[1-10]. Because it is known that proton
relaxation times are altered in the presence
of induced local magnetic moments, it has
recently been proposed that ferrite particles
can be used for magnetic resonance imaging
(MRI) for diagnostic purposes, for
visualizing tumors and metastases in liver,
spleen, and lymph nodes, for angiography as
a blood pool agent and for visualizing
inflammatory lesions like atherosclerotic
plagues [11-14]. Magnetite  (FesOa),

maghemite (y-Fe;O3) or mixed ferrite
nanoparticles have received special attention
due to their inherent magnetic properties, but
also because the possibility of tailoring their
features such as crystalline structure, size,
and shape [15-16]. The synthetic production
of IONPs can be performed by various

methods, such as  co-precipitation,
solvothermal synthesis, ultrasonic
irradiation,  laser  ablation, chemical

reduction, and even plant-based processes
[17-26]. Usually, such techniques are often
related with high costs, long reaction times,
large amounts of waste, and usage of
hazardous  chemicals, hindering the
conversion from lab scale processes to
industrial  applications. Among those



preparation methods, the mechanochemical
synthesis (MS) is an economical and fast
method, does not generate toxic residues and
allows obtaining nanoparticles of controlled
size. Mechanochemical processing allows
the production of metal-oxide nanoparticles
by means of the high-energy milling of solid
precursors, without using organic solvents
and/or high temperatures [27]. Also, MS of
IONPs enables the development of synthesis
processes at large scale [18, 28-29]. The MS
method has a direct influence on the degree
of crystallinity and point defects
concentration in the formed phase. This fact
is particularly relevant when the material is
manufactured for biomedical purposes since
the nanoparticles will be in contact with
biological fluids. A high degree of
amorphization or many defects in the solid
could cause a high degradation of the
magnetic phases [14].

Iwasaki et al. [28,30] prepared magnetite by
a mechanochemical process from ferric
hydroxide using stainless-steel pot and balls,
without adding a reducing agent. These
authors obtained single phase magnetite
after 16 h of milling. Its formation was
explained based on oxidation—reduction
reactions, where the corrosion of iron from
the pot and balls played a crucial role.
However, the uncontrolled reactivity of the
containers and balls can be questionable and
possibly lead to not reproducible results at
large scale.

A relevant factor in the synthesis of IONPs
is the molar ratio of the used reagents. Some
authors propose starting from stoichiometric
Fe?* and Fe®' ratios, while others use
reducing agents to Fe*" precursors.
Moreover, the use of clean and eco-friendly
reagents spanned a new horizon that
includes plant-mediated syntheses, where
the active component (plant extract) has a
double function: reducing and capping agent
[31]. Lin et al. studied the mechanochemical
synthesis of FesO4 nanoparticles from a
starting mixture of FeCl, and FeCls powders

in a 1.2: 2 molar ratio by following the
simple processes of ball milling with steel
vials and balls, annealing, and washing with
water. These authors prepared nanosized
FesO4 powder under an inert atmosphere,
obtaining nanoparticles with diameters
ranging from 12.5 nm to about 46 nm.
However, the influence of the grinding
material’s chemical nature was not
questioned [32]. Carvalho et al. reported the
preparation of magnetite nanoparticles (12-
20 nm) by high-energy ball milling, from
stoichiometric amounts of distilled water
and metallic iron powder. However, the
method required very long treatment times
and the obtained magnetite contained 14%
metallic iron [33].

In our previous studies, the influence of
added Fe powder as reactant during the
mechanochemical synthesis of IONPs from
three types of solid starting mixtures was
comparatively analyzed. The mixture of
FeCl3.6H>O and NaOH with a 2:6 molar
ratio allowed obtaining magnetic NPs (with
a mean size of 9 nm) after 12 h of milling,
with good stability and no segregation of
secondary phases. This fact was associated
to the metallic Fe coming from the milling
vials and balls, which is detrimental for
compositional control. Also, the mixture of
FeCl2.4H-0, FeCls.6H.0 and NaOH with a
1:2:8 molar ratio generated a low proportion
of magnetic phases at short milling times (2
h), and a high proportion of secondary
phases at longer milling times (12 h). On the
other hand, the mixture of FeCls.6H.0, Fe
and NaOH with a 8:1:24 molar ratio proved
to be suitable for obtaining magnetic NPs
(mean size of 9 nm) after 12 h of milling
[29]. These studies showed the need to
further investigate the interaction between
the reacting system and the container
material.

To the best of our knowledge, there are no
previous studies that discuss in depth the
possible influence of the vials and balls
material during the mechanochemical



synthesis of IONPs. For this reason, the aim
of this work is to synthesize IONPs through
the mechanochemical process using a high-
energy planetary ball mill, with two types of
vials and balls (stainless steel and zirconia)
and two reactive mixtures, as the ones
previously studied. The obtained results are
presented with an oriented perspective to the
IONPs biological application considering
mean particle sizes, magnetic properties, and
chemical stability in simulated body fluids.

MATERIALS AND METHODS

Ferric chloride hexahydrate (FeClz.6H20,
Biopack), Fe powder (Carlo Erba, particle
size ~ 1 um) and sodium hydroxide (NaOH,
Anedra) were used as precursors for the
synthesis of IONPs. All used chemicals in
the experiments were reagents of analytical
grade and they were used without further

purification. Two precursor mixtures were
prepared (10 g per batch), by mixing solid
reactants according to optimal conditions
previously determined [29]. Table 1
summarizes the selected nomenclature
according to the synthesis conditions. Each
mixture was mechanochemically treated
(MC-treatment) in a planetary ball mill
(Fritsch Pulverisette 7), during different
times at 1400 rpm. Balls (diameter 10 mm)
and vials (25 mL) of stainless-steel (S) and
Zirconia (Z) were used as milling materials.
Mechanochemical treatments were
performed at environmental conditions by
using a milling-media/powder-mixture mass
ratio of 6.4. After each mechanochemical
treatment, the samples were washed with
distilled water to eliminate NaCl byproduct;
after that, all the samples were dried during
24 h at 50°C.

Table 1: Name and milling conditions of samples obtained by mechanochemical synthesis

Sample | Precursors Molar ratio | Container and | Milling

ball material Time [h]
AS12 | FeCl36H.0 : NaOH .6 Stainless Steel 12
AZ12 Zirconia 12
BS12 | FeCl36H20 : Fe’: NaOH 8:1:24 | Stainless Steel 12
BZ12 Zirconia 12
BZ6 Zirconia 6
BZ3 Zirconia

The chemical stability of samples AS12 and
BZ12 was evaluated through an immersion
assay in simulated body fluid (SBF). The
SBF solution was prepared according to ISO
23317 (2014) [34-35]. The volume of SBF
to perform the reactivity tests was calculated

according to the following equation:
S
VSBF = % Eq 1
where Vsgr is the volume of SBF (mL) and
Sa is the apparent surface area of the
specimen (mm?) [36]. Disks of 5 mm in

diameter and 1 mm thick were immersed in

2 mL of SBF at 36.5 °C and kept at a constant
temperature for up to 28 days.

Identification of the crystalline phases was
carried out by X-ray diffraction (XRD) in a
PANalytical diffractometer with Cu-Ka
radiation (wavelength A = 1.54050 A) at 40
kV and 30 mA. Diffractograms were
recorded in a 20 range between 20° and 70°
at a scan rate of 1/min. The mean crystallite
size was estimated from the XRD line
broadening measurement, using the Scherrer
equation [37] for the main peaks,
considering the instrument line width.



The lattice parameter a was calculated
according to Eq. 2 for cubic systems,
averaging interplanar  distances  (d)
corresponding to planes (hk 1) = (22 0), (3
11)and (440):

1 h2+k?+41?

az a? Eq. 2
The crystallinity index (CI) was calculated
from the XRD patterns by means of the
following equation:

cl =22 100 Eq. 3
At

where Ap is the area of all crystalline peaks
and Ar is the total area (crystalline and
amorphous phases) [38]. Also, the CI of a
magnetite sample (micrometric particles of
concentrate ore) was calculated and taken as
a reference. Areas were determined using a
commercial data-analysis software.

The Fe®*/Fe?* ratio of the synthesized IONPs
was determined using an UV-vis
spectrophotometric technique based on the
complexation of 1,10-phenanthroline with
divalent iron ions. Further details of this
quantification methodology can be found in
[39].

Raman micro analyses of the obtained
powders were performed in a multichannel
Renishaw In Via Reflex microspectrometer.
Excitation was provided by the 785 nm line
of an Ar laser. To enhance the signal-to-
noise ratio, 30-50 scans were accumulated,
each one having a 15 s exposure to laser
power ranging between 30 and 300 mW.
The particle size distributions of the powders
were determined by dynamic light scattering
(DLS) using a Malvern Zetasizer nano S90
with a 532 nm laser. Powders were dispersed
in distilled water (5 mg in 10 mL) and
sonicated for 10 min before each
measurement.

Transmission electron microscopy (TEM)
images of the particles were obtained in a
JEOL (JEM-2100) microscope with a
voltage of 120 kV. Prior to observation, the
samples were suspended in Cu grids after
sonicating an isopropanol suspension of the

NPs for several minutes. Particle size
distributions were obtained from TEM
images, counting >200 elements with the
Image Pro Plus software.

Magnetization (M) as a function of magnetic
field (H) was measured in a vibrating sample
magnetometer Lakeshore 7300 (VSM
analysis). Hysteresis loops were registered at
room temperature applying magnetic fields
between of - 13 and +13 kOe. Before
performing the measurements, the powders
were compacted in 0.5 mm thick pellets of 5
mm diameter.

RESULTS AND DISCUSSION

Fig. 1.a shows XRD patterns of the samples
obtained from each reactive mixture in
stainless steel and zirconia containers after
milling for 12 h, then washed and dried. In
every case, single phases are obtained with
no traces of secondary phases, within the
detection limits of the technique. Peaks
belonging to the spinel structure (space
group Fd-3m) compatible with magnetite
(Fe3Os4) or maghemite (y-Fe:O3) are
observed in the samples except in AZ12,
where clear signals of hematite (a-Fe203)
are distinguished. The three most intense
peaks for magnetite or maghemite appear
around 30.3, 35.5 and 62.9 °© 20, while those
for hematite are 33.1, 35.5 and 53.8 °© 20, as
it can be seen in Figure 1. On the other hand,
Fig. 1.b shows the XRD patterns of the
samples obtained with reactive system B in
zirconia vessels at three different grinding
times. All detectable peaks can also be
indexed as magnetite or maghemite. From
the results, it is concluded that 3 hours of
mechanical treatment in zirconia vessels is
enough to obtain magnetic iron oxide
nanoparticles with the same crystalline
structure and purity than the obtained after
longer times. The synthesis yield for sample
BZ12 was as high as 72%.
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Fig. 1 XRD patterns of a) samples A and B obtained
by MS in stainless steel and zirconia containers and
b) B samples obtained in zirconia containers at 3, 6
and 12 h.

The hysteresis loops M(H) of the
synthesized samples (Fig. 2) clearly show
the influence of the grinding material
(zirconia) on sample AZ12, which has very
low saturation magnetization, in agreement
with the presence of hematite, as detected by
XRD. Unlike sample AS12, the powder
milled in zirconia vials (AZ12) has not
received iron supply (either metallic or Fe?*)
from the milling media. The mechanism is
based on an oxidation-reduction [30] in
which, through a corrosion process, the
stainless-steel releases Fe?* ions into the
reactive system is essential to obtain

magnetic phases by mechanochemical
synthesis. The hysteresis loops obtained for
the rest of the samples show high
magnetization and almost negligible
coercivity and remanence, which are
features characteristic of small-grained soft
ferrites with a superparamagnetic behavior.
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Fig. 2. Magnetization (M) as a function of applied
magnetic field (H) for: a) samples A and B after
milling for 12 h in stainless steel and zirconia
containers and b) samples obtained in zirconia
containers at 3, 6 and 12 h.

Fig. 3 shows the Raman spectra of both
series of synthesized samples. Sample AS12
displays the three characteristic bands of
maghemite/magnetite, at 365, 511 and 700
cm™ [40-46]. All the bands are very broad
and non-symmetric, which could indicate



the coexistence of both spinel phases. This
fact agrees with previously published work
[47, 48], where similar bands for
maghemite/magnetite were found.
Similarly, Raman spectra corresponding to
samples BS12 and BZ12 present the three
characteristic bands of maghemite and/or
magnetite. The Raman spectrum
corresponding to sample AZ12 is
characteristic of hematite [40-46], being in
full agreement with XRD and VVSM analyses
(Figs. 1 and 2).
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Fig. 3. Raman spectra of samples A and B obtained
using stainless steel (S) and zirconia (Z) vials.

To evaluate the physicochemical stability of
the obtained IONPs in SBF, magnetic
hysteresis loops of AS12sgr and BZ12sgr
were measured and are shown in Fig. 4.

The maximum magnetization (Mmax)
values reached for both samples are almost
identical than those measured for these
samples before immersion in SBF (see Fig.
2), which suggests that both samples are
physicochemically stable for at least 28
days in SBF.

Likewise, the obtained XRD patterns for
these samples confirm that the immersion in
the fluid did not change their crystalline
structure (see inset in Fig. 4). It is important
to mention that the aim of performing the test
in SBF was to verify the physicochemical

stability of the IONPs under conditions close
to the physiological environment to which
they could be exposed in a biomedical
application.
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Fig. 4. Magnetization (M) as a function of the
applied magnetic field (H) for samples AS12 and
BZ12 immersed during 28 days in SBF. The inset
shows their corresponding XRD patterns.

Table 2 summarizes the structural,
microstructural and magnetic characteristics
of each synthesized sample.

Crystallite sizes (determined by the Scherrer
equation) range between 10 and 12 nm for
all the samples, except for BS12, in which
the size is 6 nm. The variation of Mmax
(measured at 13 kOe) is consistent with the
calculated crystallite sizes, since a system
with smaller crystallites has a larger surface
area where spin canting occurs, leading to a
decrease in the magnetic ordering and thus
in Mmax. The smallest crystallite size
observed in BS12 could be explained
considering that this sample was prepared
with the highest metallic Fe content (Fe
added as a reactant and Fe provided from the
milling media). Therefore, in this solid
mixture there are much more reaction points,
leading to the formation of a larger number
of smaller crystallites.



Table 2: Crystallite size, lattice parameter, crystallinity index ratio (Rci), maximum
magnetization Mmax (13kOe) and coercivity Hc values for all the obtained samples. For
comparison, typical literature values of some properties for magnetite and maghemite are

shown.
Sample | Crystallite | Lattice parameter | Rci (%) Mmax (13 kOe) Hc
size (nm) (emul/g) (Oe)
(nm)
AS12 12 0.83517 74.1 57.8 15
AZ12 - - - 5.3 15
BS12 6 0.83477 67.7 48.7 12
BZ12 10 0.83558 65.3 54.9 19
AS12spr 12 0.83559 - 55.9 52
BZ12sar 10 0.83558 - 55.8 48
Magnetite - 0.83960* - 92-100 [39] -
Maghemite - 0.83515" - 60-80 [39] -

*(PDF 19-0629) *(PDF 39-1346)

This fact, in addition to the difficulty of
controlling the Fe content incorporated to
the reactive mixture, led us to discard the
system BS12 for subsequent
characterization.

The crystallinity index (CI) is a quantitative
indicator of crystallinity and in XRD is
defined as the volume fraction of a phase’s
crystalline proportion in each sample; CI
represents the average size, perfection and
arrangement of crystallites [49]. CI
calculated for samples AS12, BS12 and
BZ12 were 46.6, 42.6 and 41.1, respectively.
Table 2 reports the values of Cl ratios Rc) for
the three samples, being Rci the
corresponding CI relative to the magnetite
reference. The obtained Rci values are
higher than 65% in every case, indicating
that the IONPs are quite crystalline,
considering the very small crystallite sizes.

The lowest wvalue for maximum
magnetization (5.3 emu/g) was attained in
sample AZ12, which is consistent with its
phase composition, mainly paramagnetic
hematite. Eventually, this synthesis route
could be an interesting option for obtaining

hematite nanoparticles, although it was not
the purpose of the present work.

All  samples, except BS12, display
magnetization values of the same order of
magnitude (54-57 emu/g), being close to
those reported for magnetic nanoparticles
obtained by different synthesis methods (see
Table 3).

Coercivity values for most of the samples are
in the expected range for nanometric soft
magnetic nanoparticles (lower than 20 Oe).
Samples immersed in SBF exhibit an
increase of Hc, probably due to
physicochemical phenomena produced on
the nanoparticles surface (such as ions
adsorption,  effects of  dissolution-
precipitation, etc.). Immersion of samples in
SBF did not produce other effects on the
properties  registered in  Table 2,
demonstrating the chemical and structural
stability of the synthesized IONPs.

In every sample, the lattice parameter is
closer to maghemite than magnetite, despite
the great structural similitude between both
spinels. The Fe3*/Fe?* ratio calculated from
the spectrophotometric determination gave
4.2 for sample BZ12, corresponding to a




composition of 19 wt.% magnetite and 81  samples AS12, BS12 and BZ12 will be
wt.% maghemite. presented.

According to the results obtained so far, only

the microstructural characterization of

.
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Fig. 5. TEM images of samples prepared with precursor A in steel vials (a) and with precursor B (both in steel
(b) and zirconia (c) vials) obtained after 12 h of milling.

TEM images of samples AS12, BS12 and  nanoparticles have an average size between
BZ12 are shown in Fig. 5. In every case, 6 and 12 nm, which agrees with the
agglomerates of particles with quasi-  crystallite size calculated using the Scherrer
spherical morphology are observed. The  equation (Table 2).



Table 3 summarizes previously reported data
of saturation magnetization (Ms) and
particle size of IONPs synthesized by
different methods. There is not a clear
correlation between magnetization and
nanoparticle size, which indicates that
besides particle size, there are many
variables that affect the magnetic behavior
of the IONPs, such as crystallinity, particle
morphology, agglomeration, adsorption
effects, particle interactions, nature of the
precursors, synthesis conditions, etc. In this
context, IONPs obtained in this investigation
exhibit very good magnetic properties,
considering their average size, probably due

to a relatively high crystallinity degree.
Some  advantages of the  used
mechanochemical  synthesis are the
reproducibility, scalability and the absence
of organic solvents (toxic and/or expensive).
Also, the obtained particle size distributions
are quite narrow. On the other hand, the
IONPs prepared by MS have a great
tendency to agglomerate. Moreover,
mechanical energy can induce structural
crystalline damage during the process. These
aspects represent the drawbacks and
limitations of this synthesis method.

Table 3 Summary of some methods for obtaining nanoparticles with their respective

saturation magnetization values

Synthesis method Particle size Saturation Reference
(nm) magnetization
(emu/q)
Coprecipitation 6 37.50 [50]
12 60.57
7-10 64 [51]
75
30 80 [6]
10 28 [52]
10 53 [53]
Coprecipitation- sonochemical probe 11 65.35 [54]
Solution combustion (heating mantle) 20 66.6 [55]
Solution combustion (microwave) 15 41.8
Solvothermal synthesis 51 9.3 [56]
14.3 31.3
Solvothermal 45 60 [57]
Magnetic nanocatalyst 30 84 [58, 59]
7 72
20 75
30 81
One-step solution auto-combustion process 50 7.33 [60]
80 5.66
Sol-gel 120 2.69
100 3.67
Electric discharge method 10.3-35.5 53.97-65.01 | [61]
Mechanochemical 8.8-10.9 75.2-62.6 [18]




Figure 6 shows a graphical scheme
representing the mechanism proposed by the
solid-state reaction occurring during the
mechanochemical activation, either
performed with stainless-steel or zirconia
milling media. In both cases, metallic iron is
a necessary reactant to produce IONPs with
high magnetization, since this element acts
as a reducing agent, forming Fe?* cations. In
system A, metallic Fe comes from the vials
and balls, whereas in system B the metal is
one of the starting materials. The reaction of
Fe** with the ferric precursor (Fe¥*) in a
basic media leads to the formation of FezO4
(magnetite), which can be totally or partially
oxidized to y-Fe2Os (maghemite). Despite
this oxide has only ferric cations in the
structure, its formation comes from
magnetite, as an intermediary phase, as it has
been reported in other synthesis methods
[61-64]. This fact could be explained
considering the same cubic spinel structure
of both oxides, in contrast with hematite
(rhombohedral).

System A

System B

Stainless steel vial Zirconia vial

Fig 6. Graphical scheme symbolizing the
sequence of mechanochemical reactions in both
systems.

Conclusion
Magnetic IONPs with sizes between 6 and
12 nm could be prepared from

mechanochemical treatment of solid iron
precursors and NaOH. The synthesized
nanoparticles are composed by a mixture of
magnetite and maghemite. Magnetic
properties at room temperature showed the
expected behavior for this kind of systems:
high saturation magnetization (55-57 emu/q)

and very low coercivity (12-19 Oe). The
measured values are in the order of
magnitude reported for IONPs prepared by
other methods, such as coprecipitation and
sol-gel.

The chemical nature of the vials and balls
used during the milling strongly influences
the formed iron oxide phases. The metallic
iron supplied by the stainless-steel milling
media is essential to the formation of
magnetite/maghemite nanoparticles. The use
of zirconia vials and balls requires the
addition of metallic iron to the reactive
mixture to obtain the ferrimagnetic IONPs,
otherwise hematite forms. This fact
demonstrates that metallic iron has to be
present in the reactive system to obtain
magnetite/maghemite nanoparticles. The
mechanosynthesis performed with zirconia
milling media is the preferred route because
it allows a better control of the metallic iron
added to the reactive mixture.

Immersion in SBF for 28 days did not
produce physicochemical alterations of the
IONPs, which kept the same crystalline
structure and magnetic properties, making
these IONPs suitable for biomedical
applications.
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