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Magnetite nanosized particles synthesis was achieved by two different routes. Assessment of
microstructure was carried out aiming at comparing the outcome of synthesis parameters on the
crystallinity, distribution of particle dimension and magnetic activity of nanosized particles precipitated
in aqueous solution. Increasing of the nanoparticles crystallite size by stirring could be evidenced by the
results. Temperature does not significantly affect crystallite size and crystallinity. The type of precursor
was the factor that most contributed to the definition of crystallinity and particle size distribution.
The route which used FeSO,.7H,0 as precursor favored large crystallite sizes and crystallinity, while
the route which used Fe,SO,.7H,0 and FeCl,.6H,O as precursors resulted in much smaller crystallite

sizes and crystallinity.
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1. Introduction

Magnetite nanoparticles (Fe,0,) are specifically important
due to increasing number of possibilities and technological
applications as solid support through enzyme, biomedical
sorption process and catalysis system together with magnetic
division processes and formation of elevated specific surface
area magnetic composites'. Nanosized particles with magnetic
properties can be efficiently separated from wastewater by
using magnetic separators, avoiding the filtration process,
which represents a difficulty in using nanosized materials at the
treatment of great volumes of wastewaters in environmental
remediation processes. The introduction of magnetic activity
in adsorbents and catalysts can improve their partition from
water and effluents. Therefore, magnetite nanosized particles
can be joint with other materials to improve solid/liquid
separation in adsorption and catalysis systems*®.

In magnetic separation processes the magnetic forces
should be sufficiently huge to rise above contrasting forces,
such as chaotic movement, viscosity, and sedimentation. In
a field gradient, there is a direct relation between the active
magnetic force and the volume of a particle. Therefore,
the attractive magnetic forces of ultrafine particles are not
able to overcome opposing forces, which turns separation
difficult. However, superparamagnetic nanoparticles have
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no remanence and show optimum magnetic separations at
low fields’. Therefore, the largest magnetite nanoparticles
that still show superparamagnetic properties are the best to
be used in adsorption and catalysis systems.

The preparation method is usually the main responsible
for the size control and the shape of the particles. Magnetite
nanoparticles preparation methods have been widely explored
aiming to obtain different shapes (microspheres, nanospheres,
nano-rods, etc), several sizes, great saturation magnetizations
and elevated specific surface areas®!’. Chemical routes
are favored to synthesize these nanoparticles with fine
size distribution required for most applications, having a
reproducible output and being less expensive, which favors
their application in environmental field. From the chemical
methods found in literature, the precipitation of mixed
Fe*/Fe** or Fe?* solutions under alkaline conditions is the
most simple chemical method to obtain nanosized particles
with dimensions ranging from 5 to 180 nm. Although the
precipitation chemical methods for obtaining magnetite
nanoparticles are considered simple, some difficulties
related to preparation still exist. Time control, ionic solution
concentration, molar ratio of the reactants, pH, temperature
and stirring rate are the determinant factors to control the
sizes of the obtained particles'"3.
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Given that context, the present work focused on the
preparation of magnetite nanosized particles by different routes
applying the chemical precipitation method. Particularly,
the outcome of synthesis parameters on the crystallinity,
particle size distribution and magnetization of the so obtained
powders are evaluated. The identification, size, morphology
and magnetization of the particles are performed by X-ray
diffraction, Raman spectroscopy, TEM and VSM.

2. Experimental

2.1 Powder synthesis

The chemicals were used without extra purification, since
they were all of analytical grade. The solutions were prepared
with distilled water. Magnetite particles were prepared by
chemical precipitation methods. Samples Mag-01, Mag-02,
Mag-03 and Mag-04 were obtained by a route based on partial
oxidation of a Fe** salt solution with KNO, under alkaline
(KOH) conditions at different temperatures (80°C and 90°C)
and stirring (300 and 600rpm) (Route 1). Samples Mag-05
and Mag-06 were obtained by precipitation of a mixed Fe**/
Fe** solution under alkaline conditions (3.0 mol/L KOH for
Mag-05 and 27% NH,OH for Mag-06) (Route 2) (Table 1).

Table 1. Raman main vibrational modes of magnetite and maghemite

Phase Main vibrational Wavenumber
modes (cm™)
E, 306-310
) T, 450-490
Magnetite (Fe,0,) T, 538-554
A, 668-672
T, 350-365
Maghemite (y-Fe,0,) E, 500-511
A 700

Route 1

16 g of FeSO,.7H,0 was dissolved in 112 mL distilled
water (previously boiled). Once the reaction temperature
(80°C or 90°C) was reached, 48 mL of a solution containing
1.3g KNO, and 9g KOH was added dropwisely over
approximately 5 min'.

Route 2

4g of Fe,SO,.7H,0 (0.015 mol of Fe*" ions) and 7g of
FeCl,.6H,0 (0.030 mol of Fe** ions) were dissolved in 300
mL distilled water (previously boiled). Once the reaction
temperature (80°C) was reached, 48 mL of an alkaline solution
(3.0 mol/L KOH or 27% NH,OH) was added dropwisely
over approximately 5 min'.
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After the dropwisely addition of the alkaline solutions
inroutes 1 and 2, heating and stirring were kept for another
40 min. Then, the systems containing a black precipitate
were cooled overnight. The black precipitate was filtered,
washed with distilled water and alcohol, and finally dried
in an oven at 100°C.

2.2 Powder characterization

Crystalline phases of the synthesized magnetite nanoparticles
were analyzed by X-ray diffraction (XRD) using a X-ray
diffractometer (Shimadzu 7000), with a copper anode (Cu
Ka, radiation) and graphite crystal monochromator. The
anode tube load was 40kV and 30mA. Analyses were run
by step-scanning from 5° to 80° 20, increments of 0.02 20
and count time of 3 s. The crystallite size and crystallinity
were estimated using the crystallite size/lattice strain
calculation (Scherrer equation) software for Shimadzu X-ray
diffractometer. The Rietveld refinement was performed
using the GSAS 2001 software and the EXPGUI interface.
The function of the pseudo-Voigt profile of Thompson-
Cox-Hastings was used and the background was adjusted
by the Chebyschev polynomial. The scale factor, unit cell,
background, asymmetric profile, parameters of the full width
at half-height from the instrumental broadening (obtained with
a standard atomic position), isotropic atomic displacements
and occupation factors of cations were refined. The values
for Rp, RBmgg,
cycles of refinement, were measured for checking quality

R, and y? and the graphs obtained at every 3

of refinement and for a better monitoring of the results.

Raman spectroscopic analyses were carried out on a Horiba
Jobin Yvon LABRAM-HR 800 spectrograph, equipped with
a 633 nm helium-neon laser, 20 mW of power, attached to
an Olympus BHX microscope equipped with 10x, 50x, and
100x lenses. Raman-scattered radiation was collected with
600 g/mm grating, in an 180° backscattering configuration.
The spectra were collected in a frequency range of 100 to
at least 1200 cm™" with a step size of 1.1 cm™. AN, cooled
charge couple device (CCD) detector was used to suppress
extra noise and obtain sufficiently accurate results. To reduce
noise ratio, spectra were acquired at acquisition times of
30s five to ten times.

Transmission electron microscopy (TEM) images of
the samples were obtained using a Tecnai-G2-20-FEI 2006
microscope equipped with a silicon-lithium energy dispersive
spectroscopy (EDS) detector (EDAX) in the Center of
Microscopy at the Universidade Federal de Minas Gerais
(UFMGQG). Samples were prepared by dispersing the powdery
material onto a lacy carbon film supported by a Cu grid.

The magnetization measurements were obtained by VSM
(Vibrating Sample Magnetometer) method and is based on
the change that occurred in the magnetic flux of a coil when
in proximity is vibrated a sample, which is under the action
of a uniform magnetic field applied.
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3. Results and Discussion

Figure 1 shows the XRD diagrams of the samples Mag-
01, Mag-02, Mag-03, Mag-04, Mag-05 and Mag-06. The
synthesis of magnetite can be confirmed by the presence of
diffraction peaks corresponding to a cubic spinel structure
of Fe,O, (ICDD 190629). In Figure lc, it can be seen that
the samples resulting from route 1 (Mag-02) showed more
intense and fine characteristic reflection peaks than the samples
obtained by route 2 (Mag-05), suggesting that the particles
obtained by the latter route have lower crystallinity and smaller
particle sizes. The diffraction pattern of the samples Mag-01 to
Mag-04 have also shown some peaks which may correspond
to the diffraction pattern of goethite (a-FeOOH) (ICDD
020273) whose presence was confirmed by XRD Rietveld
refinement (Figure 2) and Raman spectroscopy (Figure 3c).
Rietveld refinement of sample Mag-01 (Figure 2) shows
the magnetite structure with the following cell parameters:
a=b=c=8.3917 A; and the goethite structure with the following
cell parameters: a=4.6167 A, b=9.9511 A and c=3.0240 A.
The quantification of the phases in the sample obtained by
Rietveld refinement has shown the presence of 96.5% of
magnetite and 3.5% of goethite. The presence of goethite
was expected since goethite naturally forms in presence of
Fe(IID), sulfate ions and OH" '3,

Raman spectroscopy analysis differentiates distinct
phases of iron oxide present in the samples, such as magnetite
(Fe,0,) and maghemite (y-Fe,O,). The vibrational modes of
magnetite and maghemite structures in Raman spectroscopy
are summarized in Table 1'. Analyzing the characteristic
peaks of each phase, it can be concluded that magnetite
phase occurs in the samples Mag-01 to Mag-04 (Figure 3a)
and magnetite and maghemite phases occur in the samples
Mag-05 and Mag-06 (Figure 3b). There is good agreement
in the reported spectra of goethite!”"' with bands at 92, 164,
203, 243, 297, 384, 478, 546 and 663 cm™ found in some
regions of sample Mag-01 (Figure 3c).

Table 2 shows the evaluated synthesis parameters and
the obtained crystallite size and crystallinity values for all
samples, estimated by Scherrer equation. Samples Mag-01,
Mag-02, Mag-03 and Mag-04 present crystallite sizes ranging
from 62 to 85 nm and crystallinity ranging from 87 to 92%.
The results show that stirring does not significantly affect the
crystallinity; however it increases the crystallite size of the
nanoparticles. Moreover, temperature neither significantly
affects crystallite size nor crystallinity. Samples Mag-05
and Mag-06 present similar crystallite sizes (15 and 14 nm,
respectively) and crystallinity (66 and 64%, respectively). It
was observed that the route (type of precursor) was the factor
that most contributed to the definition of crystallinity and
particle size distribution. Route 1 favored large crystallite
sizes and crystallinity, while route 2 resulted in much smaller
crystallite sizes and crystallinity. Few works have evaluated
molar ratio of Fe**/Fe*", composition of the iron solution,

Figure 1. X-ray diffractograms of samples (a) Mag-01 to Mag-04,
(b) Mag-05 to Mag-06 and (c) a plot showing the differences in
diffraction intensity between the two routes

Figure 2. Rietveld refinement of sample Mag-01
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Figure 3. Raman spectrum of samples (a) Mag-01 to Mag-04, (b)
Mag-05 to Mag-06 and (c) a different region of sample Mag-01
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amount of hydroxide, reaction temperature, but none have
tested different stirring velocities (usually using 300 rpm)
in the synthesis of magnetite by co-precipitation’*. These
works have also shown an increase in crystallite size by using
oxidation of an Fe** solution instead of a stoichiometric Fe**
and Fe** solution. Kim et al. (2014)* have shown that all
variations of reaction parameters (ratio of Fe?*/Fe**, molality
ofreactant solution, ratio of ammonium hydroxide, reaction
temperature, and oxidation time) exhibited a single phase of
magnetite and a constant particle size of about 20 nm, except
for the large 78 nm particles obtained by the precipitation
and oxidation reactions of the solution containing only
Fe?*. Moreover, it is shown in the literature that using
temperatures in the range 60-90°C does not significantly
affect crystallite size of magnetite particles synthesized by
the co-precipitation method>.

The TEM images of samples Mag-01 to Mag-04 (Figure
4a-d), synthesized following route 1, show inhomogeneous
size distributions of the particles and the presence of two
different morphologies (octahedral and needle-like). For
samples Mag-05 and Mag-06, synthesized by route 2, the TEM
images (Figure 4e-f) show particles with a much smaller size,
amore homogeneous distribution and the presence of a single
morphology (spherical-shaped). For route 1, the majority of
the particles present octahedral morphology, characteristic of
magnetite, and a few particles with needle-like morphology,
characteristic of goethite. For route 2, the particles present
spherical- shaped morphology, also characteristic of magnetite.
The irregular geometry of samples Mag-05 and Mag-06
nanoparticles reflect their low crystallinity showed by XRD
results. Therefore, the chemical precipitation of mixed Fe**/Fe**
solution allowed to obtain particles with diameters significantly
smaller than the chemical precipitation of only Fe* solution.
The decrease in diameter can be directly related to higher
surface areas and, therefore, more reactive systems. The great
reactivity of sample Mag-06 could be proved by the structure
changing behavior of the particles when submitted to the laser
in Raman Spectroscopy analyses (not shown). Moreover,
Raman analyses have shown the presence of maghemite
in samples Mag-05 and Mag-06 (Figure 3b). Nevertheless,
whether the sample contains magnetite or maghemite plays
no significant role in the magnetic separation performance
of the nanoparticles.

Table 2. Magnetite (Fe,0,) nanoparticles synthesis parameters and properties

Evaluated parameter Property
Route Sample — —
Stirring (rpm) Temperature (°C)  Crystallite size (nm) Crystallinity (%)
Mag-01 300 90 65 88
Mag-02 600 90 85 87
: Mag-03 300 80 62 90
Mag-04 600 80 85 92
Mag-05 600 80 15 66
2 Mag-06 600 80 14 64
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Figure 4. Transmission electron microscopy images of the samples (a) Mag-01, (b) Mag-02, (¢c) Mag-03, (d) Mag-04,
(e) Mag-05 and (f) Mag-06
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The magnetic hysteresis curves of samples Mag-01
and Mag-06 were recorded at 300 K (room temperature)
(Figure 5). The paramagnetic contribution is a linear function
of'the field and does not saturate at the fields usually applied.
Therefore, the flat high field part of the hysteresis was
interpolated toward the ordinate to give the magnetic saturation
(Ms) at the crossing point. The saturation magnetization
(Ms) at 300 K is 120 emu/g for Mag-01 and 75 emu/g for
Mag-06 (Figure 5). The decrease in Ms for Mag-06, when
compared with Mag-01, could be explained by the presence
of maghemite in addition to magnetite on sample Mag-06,
since it is well known that maghemite presents a lower
response to magnetic fields than magnetite, and also by the
decreased particle size. The nanoparticles of sample Mag-
06 exhibit a superparamagnetic state at room temperature,
which is indicated by the small hysteresis. In the presence
of a magnetic field, the superparamagnetic particles behave
like small permanent magnets, so that they form aggregates
due to magnetic interaction. Once the applied magnetic
field is removed, the magnetic particles retain no residual
magnetism at room temperature.

Figure 5. Hysteresis curves of samples Mag-01 and Mag-06

4. Conclusions

The synthesis of magnetite could be confirmed by
the presence of its diffraction peaks in all the samples. In
samples prepared by route 1, the diffraction patterns and
Raman spectra also have shown the presence of goethite.
Rietveld refinement confirmed the presence of 96.5% of
magnetite and 3.5% of goethite in these samples. The results
from changing the synthesis parameters show that stirring
does not significantly affect the crystallinity; however it
increases the crystallite size of the nanoparticles. Moreover,
temperature neither significantly affects crystallite size nor
crystallinity. The type of precursor was the factor that most
contributed to the definition of crystallinity and particle size
distribution. Route 1 (which used FeSO,.7H, 0O as precursor)
favored large crystallite sizes and crystallinity, while route
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2 (which used Fe,SO,.7H,0 and FeCl,.6H,0 as precursors)
resulted in much smaller crystallite sizes and crystallinity.
The saturation magnetization (Ms) at 300 K is 120 emu/g
for samples obtained by route 1 and 75 emu/g for samples
obtained by route 2. The possible causes of the decrease
in Ms for samples obtained by route 2 could be chemical
changes on the surface and the decreased particle size.
The magnetite nanoparticles of sample Mag-06 exhibit
a superparamagnetic state at room temperature, which is
indicated by the small hysteresis.
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