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ABSTRACT

In this study, iron oxide nanoparticles (NPs) were successfully prepared from three different reactive systems by using
mechanochemical synthesis. The effect of using iron salts with different oxidation state and the addition of metallic Fe to the
mixture reactive was investigated. The influence of different mechanochemical treatments times on the structural and magnetic
properties of the obtained iron oxide NPs was also studied. Composition, crystal structure and morphology of the nanoparticles
were analyzed by XRD, Raman spectroscopy, SEM, TEM and DLS techniques. The obtained crystalline NPs exhibited mean
sizes of about 8-10 nm and agglomerate in clusters of about 300 nm. Also, magnetic properties as a function of temperature and
applied field were determined for the obtained iron oxide NPs, showing high magnetization in the whole temperature range.
The results indicated that the presence of metallic Fe in the starting mixture plays a crucial role in the formation of spinel
magnetic phases (magnetite/maghemite). Structural and magnetic results are consistent with the formation of maghemite in the
studied samples.

INTRODUCTION

Spinel ferrites are crystalline iron oxides whose magnetic properties have been recognized for their commercial importance
since the early 1900's. Magnetite, one of the best-known members of this family, is the first magnetic material discovered by
man [1]. Spinel ferrites have the general formula MFe,O,4, where M is a divalent metal such as manganese, nickel, iron, cobalt
or magnesium [2]. These oxides crystallize in a cubic system, space group Fd-3m, where the oxygen ions are arranged in a
cubic close-packed (fcc) structure and the metal cations occupy the tetrahedral and octahedral interstitials. Because of their high
Neél’s temperatures, spinels exhibit a ferrimagnetic response at room temperature, typically showing magnetic loops with high
saturation magnetization (Ms) values and low coercive fields (Hc) [3,4]. However, when the particle size is below a critical size
—usually a few nanometers—, the magnetic behavior of these ferrites is described as superparamagnetic, which refers to
extremely large magnetic moments, produced because of competition between anisotropy and thermal energies [5]. This
property of ferrites has been exploited for several applications, such as separation of bio molecules, targeted delivery of drugs,
proteins, antibodies and nucleic acids, hyperthermia, biosensing, etc.[6-7]. 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 nanoparticles (NPs) can be
used for diagnostic purposes in magnetic resonance imaging (MRI), 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 plaques [8].
The utility of these NPs in biomedical fields is successful not only because of the inherent magnetic properties, but also from
the tailored features such as crystal structure, size, and shape [9-10].

Among the different types of iron oxide NPs, magnetite (Fe;0,), maghemite (y-Fe,O3) and mixed ferrites (MFe,O, where M =
Co, Mn, Ni or Zn) are the most frequently studied. Different methods have been reported to synthesize iron oxide NPs, such as
microwave and ultrasonication assisted syntheses, coprecipitation, chemical reduction, hydrothermal methods, bio-mediated
synthesis, and others [11-16]. Among those methods, mechanochemical synthesis is an economic and relatively fast method,
which does not generate toxic residues and allows to obtain NPs of controlled size. Also, for biomedical applications this
preparative route offers the possibility to increase the production scale [17]. An interesting alternative mechanochemical
technique for the synthesis of metallic and oxides NPs, including TiO,, ZnO and Fe,O3, has been developed by McCormick et
al. [18-20]. In this method, an acid metallic salt is mechanically treated together with a base (NaOH, Na,CO;, etc.) producing
small crystals of the metallic oxide and a soluble salt as a byproduct. By means of a simple washing operation, the salt can be
easily removed, obtaining pure oxide NPs [21,22].



Mechanochemical synthesis of iron oxide NPs has shown to be effective in the evolution of pure phases. This preparative route
is an interesting method because it allows to obtain relatively large amounts of material at ambient conditions without using
organic reagents. Moreover, the generation of punctual defects and new surfaces in the treated solids can modify the cation
distribution within the lattice, with the possibility of improving the magnetic properties, which are highly dependent on the
milling conditions (time, mass ratio, atmosphere, milling materials, etc.) [23].

Recently, Medina et al. [24] observed the formation of Fe;O4 by milling mixtures of ferric salts and NaBH, without using
solvents. The obtained Fe;O, NPs were relatively stable under water suspension and air exposure, with an average size of 60
nm. However, the authors have not measured magnetization values, describing only qualitatively the observed magnetic
properties. Park et al. reported the preparation of well-dispersed Fe;O, NPs (with sizes around 10-20 nm) produced by
mechanochemical transformation of iron oxyhydroxides (FeO(OH)) with good properties to be applied as anodes for
rechargeable Li-ion batteries [25]. Iwasaki et al. [26-27] investigated a mechanochemical process where a suspension of ferric
hydroxide precursor was milled at room temperature using a horizontal tumbling ball mill (stainless-steel reactor and balls).
They found that ferric hydroxide was transformed to magnetite without using a reducing reactive. Single-phase magnetite was
obtained after 16 h of milling, because of oxidation—reduction reactions between ferric hydroxide and metallic iron coming
from the milling vials and balls. This uncontrolled reactivity is questionable and possibly irreproducible at large scale. Carvalho
et al. reported the preparation of magnetite NPs (12-20 nm) by high energy ball milling, from stoichiometric amounts of
distilled water and metallic iron powder. However, the method required long treatment times and the obtained material
contained 14% metallic iron as secondary phase [28].

In this context, the aim of this work is to synthesize iron oxide NPs by mechanochemical process using a high-energy planetary
ball mill, trying to overcome the previously described drawbacks. Three different solid starting mixtures are used, where the
influence of added Fe powder as reactant is comparatively analyzed. Also, the effect of the mechanochemical treatment time on
the properties of the obtained iron oxide NPs is investigated. A discussion related to the nature of the reactive system, particle
size and magnetic properties of the iron oxide NPs is presented.

MATERIALS AND METHODS

Ferric chloride hexahydrate (FeCl;6H,0, Biopack), ferrous chloride tetrahydrate (FeCl,.4H,0O, Sigma-Aldrich), Fe powder
(Carlo Erba) 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 were used without further purification. Three precursor systems were
prepared (10 g per batch), by mixing solid reactants according to the molar ratio of the following magnetite/maghemite
formation reactions:

System M1: 2 FeCl;.6H,0 + 6 NaOH — »-Fe,O3 + 6NaCl + 15H,0 1)
System M2: FeCl,.4H,0 + 2 FeCl;.6H,0 + 8 NaOH — Fe;0,4 + 8NaCl + 20 H,0 2
System M3: 8FeCl; 6H,0 + Fe + 24 NaOH — 3Fe;0,+ 24 NaCl + 60 H,0O 3)

Figure 1 shows the experimental procedures followed to prepare each system and Table 1 summarizes the selected
nomenclature according to the Fe**, Fe?", Fe°, NaOH molar ratio used, and the time of mechanochemical (MC) treatment. Each
mixture was mechanochemically treated using a planetary high-energy ball mill (Fritsch Pulverisette 7), with stainless-steel
balls (diameter 10 mm) and 25 mL vials. The vials were rotated at 1400 rpm during measured times between 2 and 24 h. MC
treatments were performed at room temperature and air atmosphere using a ball-to-powder mass ratio of 6.4. After each MC-
treatment, the samples were washed with distilled water to eliminate the NaCl byproduct; after that, all the samples were dried
for 24 h at 50°C, yielding about 3.5 g of IONPs per batch. These powders were characterized according to the techniques
described below.
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Figure 1: Flow chart of the synthesis of iron oxide NPs starting from three different reaction mixtures.
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Table 1: Precursors, composition and MC-treatment time used for each reaction mixture (M1, M2 and M3).

Treatment | Sample
System Precursors time (h)
(Molar ratio)
FeCl;.6H,0 FeCl,.4H,0 Fe NaOH

2 M1-2

M1 1 0 0 3 4 M1-4
12 M1-12
24 M1-24
2 M2-2

M2 2 1 0 8 4 M2-4
12 M2-12
24 M2-24
2 M3-2

M3 8 0 1 24 4 M3-4
12 M3-12
24 M3-24

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 [29] for the main peaks, considering the instrument line width. Lattice parameters (a) were calculated according to the
following equation for cubic systems, averaging interplanar distances (d) corresponding to planes (hk1)=(220), (31 1)and (4
40):

1 h2+k2+12
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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 were determined by dynamic light scattering (DLS) in powder samples with a Malvern Zetasizer
nano S90 with a 532 nm laser. Powders were dispersed in distilled water (5 pug in 10 mL) and sonicated for 10 min before each
measurement.

Microstructural analysis of the powders was performed by means of scanning electron microscopy (SEM) in a Jeol JXA-8600
instrument. For this purpose, drops of powder dispersions in isopropanol were deposited on glass slides. After solvent
evaporation, the samples were coated with a thin gold layer and examined at different magnifications.



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 a number of elements greater
than 200 with the Image Pro Plus software.

Magnetization (M) as a function of magnetic field (H) was measured in a vibrating sample magnetometer Lakeshore 7300.
Hysteresis loops were registered at room temperature applying magnetic fields between of -20 and +20 kOe. Before performing
the measurements, the powders were compacted in pellets 5 mm in diameter. M(T) curves in zero field cooling/field cooling
protocols and M(H) loops at several temperatures in the range from 5 K to 300 K were measured for selected samples in a
S700X-R Cryogenic magnetometer.

RESULTS AND DISCUSSION

The mechanochemical synthesis can be interpreted as proceeding through two physicochemical processes that cannot be
separated, namely the production of textural changes which can be detected by microscopy examination, and the alteration of
the chemical-structural properties of the material [30-31].

Figure 2 shows XRD patterns of the samples obtained from each reactive mixture (M1, M2 and M3) after MC-treatment for 2,
4, 12 and 24 h, then washed and dried. For samples of the series M1, the absence of peaks corresponding to the reactants
confirms the completion of reaction (1), from 2 h of milling. Peaks belonging to the spinel structure (space group Fd-3m)
compatible with magnetite (Fe;O4) or maghemite (y-Fe,O3) are observed. The three most intense peaks appear at about 30.3,
35.5 and 62.9 °26 (all of which are marked in Figure 2).
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Figure 2: XRD patterns of iron oxide NPs after different MC-treatment times for the reactive mixtures a) M1, b) M2 and c)
M3. The identified phases are indicated in each graph.

The lattice parameters of these two iron oxides are similar: 0.83960 nm and 0.83515 nm for magnetite (PDF 19-0629) and
maghemite (PDF 39-1346) respectively, giving rise to almost identical XRD patterns. This structural similarity and the wide
peaks obtained (because of the formation of small crystallites during the mechanochemical reaction) make it difficult to
unambiguously assign the XRD peaks in M1-2 either to magnetite or to maghemite. Additional small peaks can be noticed for
longer milling times (particularly visible in samples M1-4 and M1-12) which can be related to maghemite. The diffractograms
of samples M2 (Figure 2b) show significant differences of reactivity with respect to M1. After two hours of MC-treatment,
formation of the spinel structure (magnetite/maghemite) can be observed in sample M2-2. As the milling time increases, the
system evolves towards the formation of FeOOH (PDF 81-0464) according to the XRD diagrams of samples M2-12 and M2-
24. The detected products in system M2 evidence a low stability of the spinel structure formed after 2 h of milling. The FeOOH
phase showed poor conversion to spinel structure because the appropriate conditions for the transformation were not reached in
this experimental procedure, compared with the mechanochemical transformation reaction reported by Park et.al. [25] where
the reactivity of FeOOH to generate Fe;O, was facilitated by high temperature (>200°C) and high pressure (6 GPa). Moreover,
additional small peaks in the XRD pattern of M2-24 can be assigned to the phase Fe,;s(O, OH, Cl)o. For this reason, in what
follows samples coming from mixture M2 will not be deeply investigated.

In the samples belonging to series M3, the spinel structure was formed from 2 h of milling, being this the only present phase in
M3-12. The presence of metallic iron was not detected in any of the M3 samples, indicating the complete consumption of this
reagent. Further milling up to 24 h produces in this system the formation of FeOOH as a secondary phase (see Figure 2c).



NaCl was not detected in any of the samples, within the detection limits of XRD, confirming the efficiency of the washing
procedure for removing this byproduct after milling.
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Figure 3: Lattice parameter of the spinel phase as a function of milling time for samples M1 (black squares), and M3 (red
circles). The theoretical lattice parameters of magnetite and maghemite are indicated with dashed lines.

The calculated lattice parameters in every case are close to values assigned to maghemite, suggesting the formation of this
spinel preferably to magnetite as a main magnetic phase of systems M1 and M3 (Figure 3). In both cases, crystallite size values
are in the range of 11-14 nm, without showing a clear monotonic tendency with the MC-treatment time.

These results show that the precursor systems M1 and M3 evolve towards the same products because of the availability of
metallic iron. In M3, this would occur from the specific addition of metallic iron, and in the series M1 from the gradual wear of
the grinding vials and balls. Thus, this reagent seems to be the key to the mechanism of formation of the sought magnetic iron
oxides. lwasaki et al. [26-27] reported that iron corrosion of the milling materials played an important role in Fe;O, formation,
although they demonstrated that this event was small, by measuring the mass loss of the containers and grinding balls. In any
case, although both M1 and M3 milled for 12 h produce single-phase spinel, system M3 is the most convenient precursor for
the production of iron oxide NPs because of the possibility of controlling the amount of reactive Fe, which is indeed necessary
for the reduction of part of the Fe** ions.
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Figure 4: Raman spectra of samples M1, M2 and M3, after 12 h of MC-treatment.

Figure 4 shows the Raman spectra of the samples obtained after 12 h of milling the three different precursors. Sample M1-12
shows the three characteristic bands of maghemite at 365, 511 and 700 cm™ [32-37]. A weak band typical of Fe;O, could be
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masked by the band at 700 cm™ belonging to maghemite. A similar assignment can be made for sample M3-12, although the
asymmetry of the band around 650-700 cm™ is noticeable, which might indicate the coexistence of magnetite. On the other
hand, sample M2-12 shows the characteristic bands associated to hematite, according to the reported data [32-37]. These results
are in good agreement with those obtained by XRD.

Analysis by Raman spectroscopy indicates that systems M1 and M3 react similarly, yielding maghemite. However, we cannot
rule out the presence of magnetite. So far, it can be concluded that system M2 is not suitable for the synthesis of ferrimagnetic
iron oxide NPs due to the appearance of paramagnetic phases (a-Fe,0;, FeOOH) observed after 12 hours of milling (Figure 2).
For this reason, microstructural and magnetic characterization was only performed for samples M1 and M3.
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Figure 5: SEM images of samples M1 and M3 milled during 12 (left panel) and 24 h (right panel). The insets display images
with lower magnification. The central panel shows DLS curves measured for samples M1-12 and M3-12.

In Figure 5, SEM images show the morphological features of the iron oxide NPs obtained from systems M1 and M3, after 12
and 24 h of MC-treatment. Also, the DLS curves of these samples milled for 12 h are displayed in the figure. The images show
systems of NPs forming large agglomerates (or clusters) with a wide particle size distribution. The insets allow to estimate the
size of agglomerates, ranging from 300-400 nm to a few microns. DLS results indicate that both samples M1-12 and M3-12
have a mean cluster size between 342-344 nm, suggesting that the sonication applied before measurements was successful to
disperse micrometric agglomerates into smaller ones. SEM images with higher magnification show particles of nanometric size,
although the image resolution is not enough to assess the actual size and shape of single NPs. For this reason, the samples were
further analyzed using a transmission electron microscope (TEM).

Figure 6: TEM images and NP size distributions taken from several images of samples: M1-12 (a), M1-24 (b), M3-12 (c) and
M3-24 (d).

Figure 6 shows TEM images together with size distributions (measured from several images) of samples M1-12, M1-24, M3-12
and M3-24. The histograms reveal a mean size between 8 and 10 nm for both systems. These values are in good agreement with
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the crystallite sizes obtained by the Scherrer formula. It is important to remark here that the sample preparation for TEM
observation involves dispersion and separation of the smallest particles of the powders; therefore, TEM images reflect the size
of the individual NPs. This outcome, together with SEM and DLS results let infer that the obtained powders are composed of
rather round, nanometric particles which form large clusters with mean sizes of about 300 nm, which can be disaggregated with
the usual dilution techniques used in TEM sample preparation.

The sphericity of the NPs (or its 2D equivalent, the circularity index) is an important parameter if the final product is to be
considered for biomedical applications because the NPs shape influences the flow capacity, bioavailability, and abrasion
resistance, among other properties [38]. The calculated circularity values of samples M1-12 and M1-24 are 0.973 and 0.915,
respectively. However, in system M3 the values are somewhat lower, being 0.832 and 0.874 for M3-12 and M3-24,
respectively. Thus, the obtained NPs from both systems (M1 and M3) have an approximately spherical shape.

Figure 7 shows the room temperature magnetic hysteresis loops of the synthesized iron oxides NPs M1 and M3 for different
milling times. All the curves present the typical behavior of soft magnetic materials, characterized by relatively high saturation
magnetizations (Ms) and low coercive fields (Hc). All the samples achieve saturation magnetization with the maximum applied
field of 20 kOe, which indicates that no superparamagnetic contributions are present in any of the samples.

60 12hf 60
| a b
40 & 40
1T —m1-2 B
| ——Mm14 il ——M34
S 201 —m1-12 5 201 w312
S M1-24 3 M3-24
g 0 E 0
9] 70 @)
et ) _j‘ M1 g @ M3
= 20 Feo 20
) 5 _aE_:‘ .:' >
T A Iy 250le -40 - )
‘e
40 b
-60 0 5 10 15 20 25 -60 4 10 15 20 25
t[h] t [h]
T T T T T T T T T T T T T T T T T T
-10 5 0 5 10 -10 -5 0 5 10
H (kOe) H (kOe)

Figure 7. Magnetization (M) as a function of applied magnetic field (H) hysteresis loops for samples: M1 (a), and M3 (b), after
milling for different times. The insets display the variation of saturation magnetization Ms as a function of milling time, t.

Sample M1-2 is composed of magnetite/maghemite in an unknown proportion. Further milling for two more hours induces
changes in the metastable maghemite phase, leading to a lower overall magnetization in M1-4 (see the inset in Figure 7a). This
decrease in Ms is overcome after milling for 12 h, obtaining a value of 68.7 emu/g in M1-12. Increasing the milling time up to
24 h generates crystalline damage, and perhaps the formation of secondary phases (not detected by XRD), therefore reducing
the total magnetization, as shown in Figure 7a and its inset.

Figure 7b shows the hysteresis loops of samples M3. Just like in the case of series M1, in this system the optimal milling time
to obtain the highest Ms is also 12 h. Sample M3-2 decreases its saturation magnetization from 54.1 emu/g to 36 emu/g in M3-4
(Figure 7b and its inset). This important decrease can be attributed to the segregation of FeOOH. MC-treatment up to 12 h
produces a saturation magnetization of 65.2 emu/g (Sample M3-12). Further milling results in detriment of the crystalline
structure, the appearance of FeOOH as secondary phase and decrease of Ms. For this reason, only M1-12 and M3-12 were
further studied to have a deeper insight into their magnetic properties.

Hysteresis loops M(H) were measured at different temperatures from 5 K to 300 K in samples M1-12 and M3-12 and are shown
in Figure 8a and 9a, respectively.
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Figure 9. Sample M3-12 hysteresis loops measured at
different temperatures (a). The inset displays the complete
curves in the -20 to 20 kOe field range, while the main
figure is a close-up of the low-field region. Saturation
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Saturation is reached at all temperatures with the maximum applied field of 20 kOe (insets in Figure 8a and 9a), indicating no
superparamagnetic contributions in any of the samples. Considering the small mean particle size obtained for both M1-12 and
M3-12 by TEM measurements (~9 nm), this result indicates that there is a strong particle interaction. Values of saturation
magnetization Ms and squareness (defined as the remanence-to-saturation Mr/Ms ratio) as function of temperature are shown in
Figure 8b and 9b. The resemblance in the magnetic behavior of both samples is remarkable, despite somewhat larger saturation
magnetization values of sample M1-12 with respect to M3-12. This could be attributed to the shape of the particles, considering
that the circularity of sample M3-12 (0.832) is smaller than the one of M1-12 (0.973), as more irregularly-shaped particles may
present stray fields and/or surface canting that reduce the net magnetic moment.

As it can be observed in Figure 8b and Figure 9b, Ms decreases steadily with T, being this behavior quite well fitted by the
Bloch law Ms(T)= Ms(0) [1 - B, T?], where Ms(0) is the saturation magnetization at OK and By is a pre-factor. From the
fitting, for M1-12 the values Ms(0) and B, are 79.6 emu/g and 2.5 x 10°° K2, respectively, and for M3-12, 76.4 emu/g and 2.7
x 10° K32 respectively. These results are in agreement with the same T>? dependence observed by Martinez et al. for
maghemite NPs, with a prefactor B,;=2.8 x 10° K*? [39] and indicate the presence of spin-wave excitations up to room
temperature.

The squareness Mr/Ms values of both samples are similar and well below the expected 0.5 value for uniaxial, non-interacting
particles with random orientation, indicating strong particles interactions at all temperatures, as shown in Figure 8b and Figure
9b. (right axis).



The behavior of coercivity as a function of temperature is plotted in Figures 8c and 9c for M1-12 and M3-12, respectively. The
data were fitted with the expression derived originally by Bean and Livingston for an assembly of non-interacting single-
domain particles of volume V [40] Hc(T)=Hc(0) [1-(T/T,)¥?], where Hc(0) is the coercive field at T=0 K and Ty is the blocking
temperature if the particles are in the blocked state. This expression is a simplified model of the particles moment's thermal
activation over an anisotropy barrier but is usually used to describe more complex systems by considering effective
contributions.

The fitting is quite good at temperatures below 100 K, but interaction and size effects become important at higher T and the
simplistic model of thermal activation fails to describe the experimental data in both samples at temperatures above 100 K. This
discrepancy has been wusually observed in real systems, and it is attributed to the particles size distribution
[41], since the larger particles reverse their magnetization through a nucleation-and-propagation process, therefore are not well
described by the model. It is interesting to note that the fittings give Hc(0)=47.8 mT for both samples but differ in the critical
temperature, being Ty =215 K for M1-12 and T, =285 K for M3-12. Considering that To=K V/(25 kg), where K is the magnetic
anisotropy constant (4.6 kd/m® for maghemite [42] and kg is Boltzmann constant), a mean effective diameter can be estimated
for spherical particles, giving 46 nm for M1-12 and 52 nm for M3-12. These values are of the same order of magnitude than the
exchange length Lex=46.6 nm reported for maghemite [42] and indicate that inter-particles ferrimagnetic interactions are
expected in both samples.

Ms, Mr/Ms and Hc values for both M1-12 and M3-12 agree with other reports for magnetite and maghemite similar particles
making it very difficult to univocally determine the actual phase from these values alone [2, 43- 46].

Magnetization versus temperature M(T) curves were measured between 4 and 300 K following the zero field cooling-field
cooling (ZFC-FC) protocol and the corresponding curves are shown in Figure 10a and 10b for samples M1-12 and M3-12,
respectively. In ZFC mode, the sample is cooled from room temperature down to 4 K with no applied field. A magnetic field of
100 Oe is turned on at 4 K and the values M(T) are registered while warming up the system up to 300 K. For the FC curve, the
process is repeated while keeping the applied field on, while cooling from 300 K to 4 K. The M(T) values in FC mode are also
recorded in warming.
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Figure 10. Zero field cooling - Field cooling curves of samples M1-12 (a) and M3-12 (b).

The absence of the Verwey transition in both samples is clear from the measurements since a steady increase of M with T is
observed in the whole temperature range, and may indicate that the samples are mainly composed of maghemite [47]. However,
the presence of small amounts of magnetite cannot be completely ruled out, since it has been reported that the Verwey
transition can be suppressed in particles smaller than 20 nm [46]. The ZFC and FC curves do not overlap in the whole
temperature range, indicating strong particles interaction in both samples and irreversible temperatures above 300 K, in
agreement with the previous discussion on magnetic results.

CONCLUSIONS

Iron oxide NPs with magnetization values larger than 65 emu/g were synthesized by MC-treatment performed in stainless steel
vials in air atmosphere. It was determined that 12 h of MC-treatment was the optimal time to obtain magnetic NPs and to avoid
their subsequent deterioration. The simplicity and efficiency of the method allows obtaining mostly maghemite NPs with mean
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crystallite size between 11 and 14 nm, with a rather spherical shape. Among the three reactive systems studied in this work,
those involving metallic Fe (either by addition or by wear of the vials), produced materials with the best magnetic properties.

According to the composition of each system, the following conclusions can be summarized:

- The mixture of FeCl;.6H,0 and NaOH with molar ratio 2:6 (M1) allowed to obtain magnetic NPs after 12 hours of MC-
treatment with good stability, without segregation of secondary phases. The reactivity of this system is associated to the
metallic Fe that comes from the milling vials and balls, which is detrimental for the compositional control. This system
produced clusters of about 300 nm, formed by NPs with a mean size of ~ 9 nm with high values of saturation magnetization
(Ms=68.7 emu/g).

- The mixture of FeCl,.4H,0, FeCl; .6H,0 and NaOH with molar ratio 1:2:8 (M2) generated a low proportion of magnetic
phases at short treatment times, and a high proportion of secondary phases at longer milling times. The system M2 is not
considered a suitable reactive mixture for obtaining single-phase magnetic NPs.

- The mixture of FeCl; .6H,0, Fe and NaOH with molar ratio 8:1:24 (M3) showed to be suitable for obtaining magnetic NPs,
after 12 h of MC-treatment. These conditions led to obtain clusters of ~ 300 nm, formed by NPs with a mean size of ~ 9 nm and
high saturation magnetization (Ms=65.2 emu/g).

All the collected evidence allows to conclude that reactive mixture M3 mechanochemically treated for 12 h is the most
convenient route to obtain iron oxide NPs, with a controlled composition and excellent magnetic properties. Selective
centrifugation could be an interesting additional tool in order to obtain a narrower size distribution of these NPs. Finally, greater
effort must be devoted to improving the dispersion of the produced magnetic NPs, which could be achieved starting from
diluted reactive systems, by addition of NaCl as a solid diluent.
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