OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS Vol. 7, No. 7-8, July - August 2013, p. 525 - 529

Synthesis and magnetic properties of Fe;O,4 nanoparticles
from the blast furnace flue dust
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The Fe3O4 nanoparticles were prepared from a mixed solution of ferrous and ferric sulfate obtained by leaching the blast
furnace (BF) flue dust with sulfuric acid. The factors affecting particle size, morphology, magnetic and other properties of
Fes04 nanoparticles were investigated carefully. The phase structure, particle size and magnetic properties of the samples
were characterized by means of X-ray diffraction (XRD) and transmission electron microscopy (TEM), vibrating sample
magnetometer (VSM) and thermogravimetric differential thermal analyzer (TG-DTA). The results showed that the
as-prepared FesO4 nanoparticles had pure phase, narrow size distribution, good dispersion and crystallinity, and exhibited
the attractive magnetic property with high saturation magnetization of 105 emu/g. The synthesized magnetic materials show

the potential application in the fields of information storage, biomedicine, catalyst, chemical sensors, etc.
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1. Introduction

Magnetic nanomaterials have attracted much attention
because of their fascinating properties and wide range of
potential applications in biomedicine, information storage,
catalyst, electromagnetic shielding, chemical sensors, and
s0 on [1-5]. Among the nanomaterials, Fe;O4 nanoparticles
have been widely studied for their excellent physical and
chemical properties. However, these properties are greatly
affected by the synthesis method, size and shape of Fe;0O,
particles [6-8]. Various methods have been reported in the
literature for the preparation of Fe;O,4 nanoparticles [9-12],
such as hydrothermal reaction of Fe* compounds,
co-precipitation of Fe?* and Fe** ions, microwave plasma
synthesis method, and microemulsion method.

In this paper, a simple and effective method was
developed to prepare Fe;O4 nanoparticles by recycling of
the blast furnace (BF) flue dust produced from an iron and
steel company, which not only makes full use of iron
resource in the flue dust but also reduces environmental
pollution. A mixed solution containing Fe** and Fe*" ions
was obtained by leaching the BF flue dust [13]. This
mixed solution was used as the raw material for the
synthesis of the Fe3O4; nanoparticles. Different
experimental conditions, on which the size, shape and
structures of Fes0, nanoparticles depended, were carefully
studied. That provides a reference for the further
preparation of the superparamagnetic Fe;O4 nanoparticles.
The morphology, size distribution and other properties of
the as-prepared Fe;O4 nanoparticles were characterized by
XRD, TEM, VSM and TG-DTA. It was demonstrated that
the obtained Fe;O, nanoparticles have a narrow size
distribution and good magnetic properties with high
saturation magnetization (M).

2. Experimental
2.1 Synthesis of Fe;O, nanoparticles

Fes0,4 nanoparticles were prepared by using the mixed
solution of ferrous and ferric ions in an aqueous phase
with NaOH as precipitant. Before preparation, the mole
ratio of Fe*'/Fe?" was adjusted in the range of 1.0:1-1.4:1.
A 2.5 mol/L NaOH solution was added to the mixed
solution until the solution pH up to 7.0-8.0 at room
temperature. The whole mixture was stirred continuously
to obtain a homogeneous solution. Then the solution was
heated to above 80 °C. The color of solution changed from
red brown to green gradually. The NaOH solution was
added dropwise to the flask to keep pH of 7.0-8.0. When
the above mixture turned black, the pH value was adjusted
to 9.0-10.0 to make Fe” ions precipitate completely.
Finally, the black precipitates collected were washed with
distilled water and ethanol several times in an ultrasonic
bath to remove any possible impurities. The black
precipitates were dried at 70 °C for 10 h to obtain Fe;O,
nanoparticles.

2.2 Characterization

The powder X-ray diffraction (XRD) pattern was
recorded using a BDX-3300 diffractometer equipped with
Cu Ka radiation (A = 1.5406 A°) at room temperature. The
measurement was performed at 40 kV and 20 mA from 20
to 70 ° with a 20 scanning rate of 5 °/min and a step of
0.02 °. The morphology of the Fe;O, nanoparticles was
observed by transmission electron microscopy (TEM)
using a BDX-3300 microscope (JEOL 100CX-I11, Japan) at
an accelerating voltage of 200 kV. TG-DTA curve was
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characterized by a TA-50 (Japan) thermogravimetric
differential thermal analyzer (TG-DTA) at a heating rate of
15 °C from room temperature to 975 °C under N, flow.
Magnetic measurement was carried out on a USA LDJ
9600-1 vibrating sample magnetometer (VSM) at room
temperature.

3. Results and discussion
3.1 TEM measurement

The TEM image of the obtained Fe;O4 nanoparticles
is shown in Fig. 1. It is observed that the prepared
nanoparticles are uniform spheres with good dispersion
and a narrow particle size distribution. The average
particle size of as-prepared FesO, is about 50 nm.

Fig. 1. TEM image of Fe304 nanoparticles.

3.2 XRD measurement

Fig. 2 shows a typical XRD pattern of as-prepared
products. The XRD pattern indicates that the sample has
five obvious diffraction peaks at 20 of 30.1, 35.4, 42.9,
57.5 and 62.7, representing corresponding indices (220),
(311), (400), (511) and (440), respectively of Fes0, [14].
The position and relative intensity of all diffraction peaks
match well with the standard of Fe;O, reflections, which
reveals that the as-synthesized products exhibit an inverse
spinel of pure Fe;sO,4 structure. No peaks of hematite,
goethite, or other impurities are detected, suggesting the
complete formation of Fe;O4 nanoparticles. The strong and
sharp peaks reveal that Fe;O, nanoparticles are well
crystallized. The crystallite sizes are estimated from the
five most intense peaks of the XRD pattern using
Scherrer’s equation. The calculated average value is 48.6
nm. The size of Fe;O, particles calculated from the peak
broadening in the XRD pattern is in good agreement with
the size determined by TEM as shown in Fig. 1.
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Fig. 2. XRD pattern of Fe;O4 nanoparticles.

3.3 Magnetic measurement

Fes0, has exhibited unique electric and magnetic
properties based on the transfer of electrons between Fe*
and Fe** ions in the octahedral sites. Magnetic
measurement of the as-prepared Fe;O, nanoparticles was
conducted at room temperature, and the magnetic
hysteresis (M—H) loop was presented in Fig. 3.
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Fig. 3. Magnetic hysteresis loop of Fe;0, nanopatrticles.

The hysteresis loop of the product shows the
ferromagnetic behavior with saturation magnetization of
105 emu/g and coercivity values (H;) of 100 Oe,
respectively. The My is larger than that of bulk Fe;O4 (90
emu/g) and the H, is smaller than that of bulk Fe;0, (115
Oe) [15]. The Mg and H, values are affected by the size,
shape, crystal structure and surface state of Fe;O, particles
[16]. The increase in M value in this paper may be due to
the good crystallinity and lower surface-to-volume ratio.
The reduced H, value can be caused by the anisotropy,
including crystal anisotropy and shape anisotropy, which
plays an important role in reducing coercivity [17].
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3.4 TG-DTA measurement

The dehydration process and oxidation process of
Fe;0,4 particles were analyzed by TG-DTA method. The
TG-DTA curves are shown in Fig. 4. From Fig. 4a, it is
clear that there are three endothermic peaks on DTA curve
of dehydration process. The first endothermic peak at
about 100 °C corresponds to the adsorbed water of the
sample. The second endothermic peak at about 235 °C is
assigned to the crystal water within Fe;O,4 crystal. The
third endothermic peak at about 345 °C is the structure
water of the sample. The former two waters exist in the
form of free molecules. Usually, the removal of adsorbed
water is about 100 °C, and the crystal water is dehydrated
at a higher temperature because crystal water is packed in
the crystal lattice and is affected by the impact of grain
boundary barriers. Therefore, the results of TG-DTG show
the crystalline water is dehydrated at about 235 °C.
Structure water is a component of Fe;O, molecular with
the form of hydroxyl (-OH) or H;O". It has fixed water
content and determined coordination position, only the
high temperature can break the chemical bonds to get off,
meanwhile, structure water is dehydrated mostly in single

molecular form so that no hole will be leaved in the crystal.

The maximum weight loss at 100 °C indicates that the
adsorbed water accounts for the most content of total
water.

The TG curve as illustrated in Fig. 4b shows that
Fe30, particles have two weight gain steps and one weight
loss peak from 150 °C to 975 °C. TG curve shows that the
oxidation rate is slow before 200 °C owing to the
unconspicuous weight gain trend. Then the oxidation rate
speeds up gradually, and a clear weight gain peak at 234
°C is due to the oxidation of Fe;O, to y-Fe,Os;. The
subsequent TG curve shows a slower rate of decline. There
is a significant weight gain peak at 515 °C (curie
temperature of y-Fe,0O3 T¢ = 575 °C [18]), that indicates

the all Fe;O,4 phase disappear and are converted to y-Fe,0s.

A weight loss at about 765 °C (curie temperature of
a-Fe,05 Te= 747 °C) resulting from the disappearance of
spinel crystal is observed because of the change from
v-Fe,O5 phase to a-Fe,0; phase. DTA curve shows that the
oxidation process of Fe;0, is an exothermic process. The
obvious exothermic peak at 234 °C corresponds to the
weight gain peak on TG curve, which indicates the
formation of spinel phase. The slow endothermic period
after this is the lattice correction period. The exothermic
peak at 765 °C also shows the disappearance of y-Fe,O3
phase while the formation of a-Fe,O; phase. Then DTA
curve shows the adsorption process after the exothermic
peak at 765 °C owing to the rearrangement of a-Fe,O3
lattice.
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Fig. 4. TG-DTA curves during (a) dehydration process
and (b) oxidation process of Fe;0, nanoparticles.

The size, shape, structure and composition of
resultant products are determined on many factors, such as
reaction temperature, concentration of solution, pH value,
reaction time, crystallization, volume of air, etc. Generally
speaking, temperature, pH value, the adding way of
precipitant and volume of air have great influence on the
structure and composition of final products. The
temperature of 80 °C -95 °C is in favor of the formation of
Fe;0,4 phase. Because the diffusion rate of Fe(ll) is fast at
high temperature, part of Fe(ll) ions without time were
oxidized to Fe(lll) and then enter the lattice to produce
Fe;0, phase. When temperature is lower than 50 °C, the
diffusion rate of Fe(ll) is slow. Fe(ll) ions have enough
time to be oxidized to Fe(lll), that brings some FeOOH
phase to generate impure Fe;O,4 phase. It is better for the
formation of Fe;0, particles at the higher pH value. At pH
lower than 4.9, it is easy to form FeOOH rather than Fe;0,
[19]. Therefore, the precipitant should be added in iron salt
solution in one time to make pH up to 7-8, this pH value is
benefit for the formation of Fe;0,. The XRD patterns of
the samples obtained at high pH and low pH respectively
are shown in Fig, 5a and b. It can be seen that the product
prepared at high pH matches well with the standard Fe;0,
reflections. However, Fig. 5b shows a weak diffraction
peak intensity of Fe;0,, and part peaks can be assigned to



528 Lazhen Shen, Yongsheng Qiao, Yong Guo, Jianguo Zhao

FeOOH and Fe,O; phases. It indicates the pH value has
great effect on the purity of product. The ventilation
volume is another important factor that has influence on
the composition of resultant products. As the oxidation
reaction is carried out on the surface of the air bubbles.
The increase of effective air flow will generate more
bubbles and then increase the oxidation degree of Fe(ll).
More FeOOH phase will be obtained in the final products.
When the effective air flow decreases even no air enters
into the solution, the concentration of Fe(lll) ions
decreases and produces pure Fe;O, phase.
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Fig. 5. XRD patterns of Fe;O4 nanoparticles prepared at
(a) high pH and (b) low pH.

The size of FezO, particles is affected by the
concentrations of iron ions and precipitant as well as
crystallization. Too high or too low concentration is
unfavorable to the formation of a uniform particle size and
high crystallization degree. Grains have enough time to
grow up to form the good crystalline degree but large size
of particles at low concentration. Contrary to low
concentration, a large amount of grains will generate
quickly in high concentration, which results in the very
fine but imperfect crystalline degree particles. Under the
moderate concentration, it is beneficial to the homogenous
distribution of the air in solution and uniform nucleation of
grain, and there is enough time to grow, these factors lead
to a narrow size distribution with good crystalline degree
and pronounced magnetite structure according to the
strong diffraction peak in XRD pattern as shown in Fig. 2.

According to nucleation growth mechanism, the large
ventilation volume will generate more nucleation centers
and increase crystallization rate under the other conditions
unchanged, which results in small size of grain, conversely,
the larger grain size will be obtained. Crystallization
temperature and time also have great influence on the
particle size and size distribution. Crystallization process
is the process of grain growth, during this process, the
small grains gradually dissolve and larger grains grow
slowly. Fig. 6 exhibits the change of particle size with the
crystallization temperature. It can be observed that the
particle size increases with the increase of crystallization
temperature. The TEM image of Fe;O, nanoparticles
obtained by using a higher crystallization temperature than
that of the sample as shown in Fig. 1 is given in Fig. 7.
Due to the slow crystal growth, the crystal defects are
made up and grain size become uniform. After the
crystallization, the crystal particle surface becomes smooth,
crystal integrity also has been improved, particle size is
larger and the size distribution is more homogenous (Fig. 7)
compared with Fig. 1. On the other hand, the increase in
reaction temperature is also in favor of the growth of the
particle size.
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Fig. 6. Change of particle size with crystallization
temperature.

Fig. 7. TEM image of Fe;O,4 nanoparticles obtained at
higher crystallization temperature.
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4. Conclusions

This paper put forward a simple method to prepare
Fe;0,4 nanoparticles by recycling of the blast furnace (BF)
flue dust produced from an iron and steel company, which
not only makes full use of iron resource in the flue dust but
also reduces environmental pollution. A mixed solution of
Fe?" and Fe®* ions was obtained by leaching BF flue dust.
This mixed solution was used as raw material for the
synthesis of Fe;O4 nanoparticles. The factors influencing
the particle size, composition, morphology and magnetic
properties of Fe;O4 nanoparticles were discussed in detail.
The average size of obtained Fe;O, particles was about 50
nm. The characterization results indicated that the
as-prepared Fe;O4 nanoparticles exhibited a narrow size
distribution, good dispersion, regular nanostructure, pure
phase and high saturation magnetization. The synthesized
magnetic FesO, nanoparticles may have important
potential applications in advanced magnetic materials,
biomedical fields and other fields.
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