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The aim of this study is to develop a new method for the preparation of high-value, environmentally friendly
products from tailings. Magnetic Fe304 nano-powder was synthesized by ultrasonic-assisted chemical co-
precipitation utilizing high purity iron separated from iron ore tailings by acidic leaching method. Magnetite
particles with 15 nm average diameter were characterized by X-ray diffraction, field-emission scanning
electron microscopy and vibrating sample magnetometer. Surfactant influence on particles shape and size
was investigated. Fe30,4 nanoparticles coated with C;,H,50S03Na exhibit better dispersion and uniform size.
The product consisted of ferrous ferrite (Fe304) nanosized cubic particles with a high level of crystallinity and
exhibit super-paramagnetism based on magnetization curves lacking hysteresis.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

As developed mines are drying up, utilization of tailings is getting
more attention [1]. Iron ore tailings are one of the most important
industrial solid wastes. Due to their low iron content, exiguous
granularity and complex composition, widely used extraction
methods of magnetic separation or flotation are ineffective [2]. In
this study high purity iron was separated from iron ore tailings by
acidic leaching in order to alleviate the pressure of mining solid
wastes on the environment. Magnetic FesO4 nanoparticles were
synthesized with the purpose to explore sustainable economic way of
recycling useful elements from mining solid wastes.

Iron ferrite, Fes0,4 is a traditional magnetic material used in
magnetic storage media, solar energy transformation, electronics,
ferrofluids and catalysis [3-7]. Several methods have been reported to
synthesize Fes04 powders, including hydrothermal synthesis [8],
microemulsion [9], chemical co-precipitation [10], oxidation of Fe
(OH); by Hy0, [11], R-ray irradiation [12], microwave irradiation [13],
etc. Co-precipitation is the simplest and cheapest synthesis method.
However, this method does not yield uniform nano-scale Fe30,4 particles
directly without further separation. Therefore, uniform Fe;0,4 nanopar-
ticles preparation method with excellent dispersion is needed.

In this paper high purity iron was separated from tailings, and then
magnetic Fes04 nanoparticles were synthesized by ultrasonic-assisted
chemical co-precipitation. Utilizing iron particles coated with surface
active agent, instead of vacuum or protective gas processes, the problems
of Fe?* oxidation and particles agglomeration were successfully solved.
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2. Experimental details
2.1. Separation of iron

Iron ore tailings were weighed (100 g), and mixed with 37.5 wt.%
hydrochloric acid (HCI). Then pickling was filtered out and collected.
An appropriate amount of hydrogen peroxide (H,0,) was added to
the filtrate so that all iron could exist in the Fe** form. Filtrate was
heated to 60 °C, and its pH value was adjusted to 3.2 by adding an
appropriate amount of concentrated ammonia. As a result, Fe was
separated from tailings and precipitated into Fe(OH)s. Finally, some
amount of Fe(OH); was washed repeatedly with de-ionized water,
and then calcined into Fe,0s. Iron elemental percentage was
calculated and analyzed, providing basis for the following Fe304
nanoparticles synthesis.

2.2. Fe30,4 nanoparticles preparation

Fe;0, nanoparticles co-precipitation preparation flow chart is
shown in Fig. 1. Fe(OH); precipitate was washed several times with
de-ionized water. Then FeCl; solution was obtained by Fe(OH)s
precipitate dissolution with hydrochloric acid. By adding measured
amount of FeSO,4-7H,0, Fe>* and Fe?" molar ratio in FeCl; solution
was adjusted to 1.5:1. Under ultrasonic agitation, black precipitate
was produced immediately by adding sodium hydroxide (NaOH). The
principle reaction is:

Fe’" 4 2Fe’" + 80H —Fe,0, + 4H,0. (1)
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Fig. 1. Processing steps for Fe;0,4 nanoparticles preparation.

Obtained Fe30, precipitate was aged at 65 °C for 30 min in
ultrasonic water bath. To purify prepared Fes0, particles, the samples
were washed repeatedly with de-ionized water and ethanol until pH
level of 7 was reached. Particles were then dried at 74 °C in vacuum.

X-ray powder diffraction (XRD) patterns were recorded using
Philips APD-10 X-ray diffractometer with Cu Ko radiation. The
morphology and size of particles were observed in field-emission
scanning electron microscope (FE-SEM, ZEISS ULTRA 55, Germany).
Saturation magnetization was measured with vibrating sample mag-
netometer (VSM) (LDJ 9600, LDJ Electronics, USA) at 300 K in 420 kOe
applied field.

3. Results and discussion
3.1. Fe30,4 nanoparticles crystal structure and morphology

Fig. 2 shows X-ray diffraction patterns of synthesized Fe304
nanoparticles.

Comparing XRD pattern of synthesized particles with the standard
diffraction spectrum (JCPDS: 65-3107), the synthesized product is
crystalline Fe304. The sharpness of XRD reflections clearly shows that
the synthesized Fe30, is highly crystalline. The average particle size
was calculated to be 19.4 nm using the Sherrer's equation [14]:
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Fig. 2. XRD pattern of obtained samples.

where L is equivalent of particles average core diameter; K is the grain
shape factor (K= 0.94); \ is the incident X-ray wavelength; (> denotes
the full width at half-maximum (in radians) of the highest intensity
311 powder diffraction reflection, and 6 is the corresponding
diffraction angle (26 =35.5748°).

Fig. 2 displays diffraction reflections broadening caused by grains
refinement of Fe304 nanoparticles. A large number of generated
surface defects with high specific surface area and particles distortions
caused by high interfacial tension of smaller grains contribute to
diffraction reflection broadening. In addition, particles could not be
completely dispersed only by ultrasonic dispersion. Nanoparticles can
be crystalline, amorphous or quasi-crystalline [15], therefore XRD
particle size calculations are not quite accurate, justifying FE-SEM
observations.

Elemental analysis of calcined product is shown in Table 1. In a
pure Fe;03 compound iron content is 70%, thus the product purity can
be calculated using Eq. (3):

Purity = (68.88 /70) x 100% = 98.4%. (3)

This result indicates that impurities exist corresponding to
additional reflections in Fig. 2.

Fe304 nanoparticles were dispersed by ultrasound in alcohol after
repeated washing. Corresponding FE-SEM micrograph is shown in
Fig. 3(a), where particles are homogeneously dispersed. Particles are
almost spherical with 15 nm average diameter.

3.2. Surfactant effects on preparation
In order to investigate the effect of surfactant on magnetite particles

preparation, adding measured amount of C;,H,;50S03Na, Fe** and
C4,H,50S0sNa molar ratio in the reaction solution was adjusted to 12:1.

Table 1

EDS analysis after calcination.
Element Element % Atomic %
0K 27.81 56.43
ALK 1.61 1.94
Si K 0.62 0.72
CaK 1.08 0.88
Fe K 68.88 40.04
Total 100.00 100.00
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Fig. 3. FE-SEM image of Fe30,4 nanoparticles: (a) without C;,H,50S0sNa and (b) with
added C;,H,50S03Na.

Corresponding field emission electron microscope micrographs are
shown in Fig. 3, where Fe3;04 nanoparticles coated with C;,H,50S05Na
exhibit better dispersion and uniform size. When C;,H,50SOsNa
dissolves in water, its hydrophilic oxygen atoms are located in the
outer branches of the molecular chain, while hydrophobic alkyl
(—CH,—) radical forms the inner chain. Therefore, S—O bond's oxygen
atoms could bond with highly active Fe30,4 by coordinate bond, which
shows that C;,H,50S0sNa possess chemical adsorption ability.

3.3. Magnetic properties

Magnetic properties of Fe;0, nanoparticles were measured by
VSM at 300 K, shown in Fig. 4. No magnetic hysteresis loop appears in
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Fig. 4. Magnetic curve of synthesized particles at 300 K.

magnetization curve of Fe;0, nanoparticles, exhibiting super-para-
magnetism with 74.86 emu/g saturation magnetization.

4. Conclusions

Utilizing high purity iron separated from iron ore tailings by acidic
leaching method, nano-scale magnetic Fe304 powder was synthesized
by ultrasonic-assisted chemical co-precipitation. As a result, Fes04
particles with 15 nm diameter exhibited super-paramagnetic behav-
ior, and C;,H»50S03Na was added as surface active agent, assisting to
obtain Fe304 nanoparticles with homogenous size and shape
distribution. In the present study nanoparticles synthesis requires
no protecting gas, and can be easily implemented because it is simple
and environmentally friendly.
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